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Tide- DETECTION AND MODULATION OF lAPS AND NAIP FOR 

THE DIAGNOSIS AND TREATMENT OF PROLIFERATIVE 
DISEASE 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

DRCLARATION OF DR. ERIC LACASSE UN r>P.T? Vl C.F.R. S 1.132 
TRAVERSING GROUNDS OP REJECTION 

Under 37 CF.R^§ 1.132, 1 declare: 

1. I am Senior Scientist and Head of the Department of Oncology at 
Aegera Therapeutics, Inc, and have published 16 papers relating to lAPs, cancer 

biology, and antisense therapeutics. 

2. I have read the Office Action mailed on August 8, 2003. 

3. As disclosed in our specification, antisense oligonucleotides are 
designed using computer algorithms and screened in vitro to identify those that 
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effectively inhibit protein expression (pages 54-55). Antisense oligonucleotides 
that are selected for efficacy in vitro are typically effective i» vivo, as welL In vivo 
screening is used to identify those antisense oligonucleotides having the greatest 
efficacy (pages 55 and 56). Such screening is merely routine. 

4. Antisense oUgonucleotides are potent and specific therapeutic molecules 
that share a common mechanism of action: they interfere^ with protein production 
by binding to a complementary target mRNA. This binding inhibits protein 
production by interfering with the ribosome's ability to translate the mRNA, by 
interfering with splicing, and/or by inducing the degradation of the mRNA by 
RNAse H, an enzyme that recognizes and degrades mRNA/DNA hybrids. 
Regardless of the length of the antisense oligonucleotide, if it binds an accessible 
site on the target RNA in the cell, the antisense oHgonucleotide will successfuUy 

inhibit protein production. 

5. The results shown in Exhibits A (Shankaretal., J. of NeurochenL 

79:426-436, 2001, hereafter "Shankar"), B (Kallio et al. FASEB J. express article, 
10.1096/fi.01-0280fj3. 2001, hereafter "KalUo"), and C (Fukuda et al. Blood 
100:2463-2471, 2002, hereafter "Fukuda"), previously of record, were carried out 
using methods available at the time applicants' priority document was filed. 
These references describe the use of antisense oligonucleotides of varying lengths 
to decrease the expression of an inhibitor of apoptosis protein, i.e., human 
survivin. 
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6. Shankar describes the use of phosphorothioate modified antisense 
oligonucleotides, 20 nucleotides in length, to downregulate expression of human 
survivin expression and to induce apoptosis in neural tumor cells in culture. 

7. Kallio describes the use of phosphorothioate modified antisense 
oligonucleotides, 18 nucleotides in length, to downregulate human survivin 
expression in HeLa and PtKl cells in culture. The antisense oligonucleotides were 
conjugated to fluorescein isothiocyanate, which allowed them to be visualized by 
fluorescence microscopy. | 

8. Fukuda describes the use of a full-length antisense survivin expression 
construct to modulate survivin expression in CD34 cells. 

9. In further support of the enablement of the claimed methods, provided 
herevrith are U.S. Patent Nos. 5.958,771 ("the '771 patent") and 5,958,772 ("the 
'772 patent"), which were filed on December 3, 1998, and 6,087,173 ("the ' 173 
patent"), which was filed on September 9, 1 999, (Exhibits E, F, and G, 
respectively). As detailed below, each of these patents relates to the use of 
phosphorothioate modified antisense oligonucleotides to inhibit the expression of 
an lAP, and each of the cited examples was carried out using methods available at 
the time applicants' priority document was filed. 

10. The '771 patent describes the identification of twelve phosphorothioate 
modified 18-mer oligodeoxynudeotides that inhibited Cellular Inhibitor of 
Apoptosis-2 (cIAP-2) expression in cells in vitro (Table 1 and column 41, first 
paragraph). 
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1 1 . The '772 patent describes the identification of six 18-mer 
phosphorothioate oUgodeoxynucleotides that inhibited cIAP-1 expression in cells 
in vitro (Table 1 and column 39, first paragraph). 

12. The '173 patent describes the identification of twenty-four 
phosphorothioate modified 20-mer antisense oUgodeoxynucleotides that inhibited 
XIAP expression in cells in vitro (Table 1, and column 4|, first paragraph). 

13. The examples cited below, and reviewed by Jansen, Exhibit D, which 
relate to the use of phosphorothioate modified antisense oUgonucledtides to inhibit 
protein production, were also carried out using methods available at the time 
applicants' priority document was filed. 

14. Jansen describes phase I trials, which were carried out in 1997, using 
an 18-mer phosphorothioate Bcl-2 antisense oligonucleotide (page 676, right 
column, first paragraph) to treat non-Hodgkin lymphoma. The 18-mer antisense 
oligonucleotide decreased BCL-2 protein levels in half of all patients that received 
it. 

15. In a 1996 study by Yazaki et al. (Mol Pharmacol 50-.236-42, 1996), 
which is also reviewed by Jansen, a 20-mer phosphorothioate Protein Kinase C 
antisense oligonucleotide was used to inhibit gUoblastoma xenografts in mice 
(paragraph spanning page 677, right column, to page 678, left colunm). 

16. A clinical pilot study, carried out by Ratjczak and colleagues in 1992 ii 
also reviewed in Jensen. In this study, a 24-mer phosphorothioate antisense 
oligonucleotide was used ex vivo to target the c-MYB proto-oncogene in bone- 
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manow cells harvested from patients with chronic myelogenous leukemia (page 
679, right column, first paragraph). 

17. As further evidence of enablement, provided herewith are Exhibits H 
(Sugano et al., J. Biol. Chem. 271:19080-19083, 1996. hereafter "Sugano"), I 
(Galvin-Parton et al., J. Biol. Chem, 272: 4335-4341, 1997, hereafter "Galvin- 
Parton"), J (MacLeod et al., J. Biol. Chem. 270:8037-80|I3, 1995, hereafter 
"MacLeod"), and K (Ramchandani et al., P.N.A.S. 94:684-689, 1997, 
"Ramchandani"), all of which were received for publication prior to the date on 
which applicants' priority document was filed, and all of which relate to methods 
of using antisense oligonucleotides to inhibit protein production. 

18. Sugano, published in 1996, used a 21-mer antisense oligonucleotide to 
inhibit e;cpression of cholesteryl ester transfer protein (CETP), the enzyme that 

f aciUtates the transfer of cholesterylester from high density lipoprotein to apoB- 
containing lipoprotein. The asialoglycoprotein-coupled 21-mer antisense 
oligonucleotide, which was administered to rabbits intravenously, decreased CETP 
biological activity and also decreased total cholesterol levels. 

19. As published in February 1997, Galvin-Parton expressed a 39-mer 
antisense oligonucleotide in transgenic mice. This 39-mer antisense 
oligonucleotide, which targeted the nucleic acid encoding G-protisin, Ga,, 
decreased Ga, polypeptide levels, and caused an increase in body mass and 
hyperadiposity. 
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20. MacLeod, in 1995, expressed a 600-mer antisense oligonucleotide, 
which was complementary to DNA methyltransferase mRNA, in Yl cells, a 
tumorigenic adrenocortical cell line. This antisense oligonucleotide decreased 
DNA methyltransferase gene expression, protein activity, and also decreased the 
ability of the Yl cells to form tumors when injected into mice. 

21. In a related study published in January 1997,^amchandani designed a 
phosphorothioate modified 20-mer antisense oligonucleotide that targeted the 
same region of DNA methyltransferase mRNA that was targeted by the 600-mer 
deserved by MacLeod. Ramchandani injected tumorigenic Yl cells into the 
flanks of mice, allowed hunors to form, then administered the 20-mer antisense 
oligonucleotide to the tumor. The 20-mer and the 600-mer antisense 
oligonucleotides, though of widely differingly lengths, both decreased DNA 
methyltransferase levels and inhibited mmor growth. 

22. In sum, Shankar, Kallio, Fukuda, the '771 patent, the *772 patent, the 
'173 patent, Jansen, Sugano, Galvin-Parton, and MacLeod describe the nse of 
antisense oligonucleotides that range in length between 18 and 600 nucleotides lo 
inhibit the expression of a target gene and achieve a desired biological effect. 
These antisense oligonucleotides, regardless of length, bind to a complementary 
target mRNA and inhibit protein production, just as applicants' antisense 
oligonucleotides do. One skilled in the field of antisense, being familiar with the 
art available at the time of filing (of which the above is but a sample) would know 



that antisense molecules complementary to a portion of XIAP could be a variety of 
different lengths. 

23. I hereby declare that all statements, made herein of my own knowledge 
are true and that all statements made on information and belief are believed to be 
true; and further that these statements were made with the knowledge that willful 
false statements and the like so made are punishable by fine or imprisonment, or 
both, under Section 1001 of Title 18 of the United Stateicode and that such 
willful false statements may jeopardize the validity of the application or any 
patents issued thereon. 
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Cholesteryl ester transfer protein (CETP) is the en- 
zyme that facilitates the transfer of cholesteryl ester 
from high density lipoprotein (HDL) to apoB-containing 
lipoproteins and also affects the low density lipoprotein 
metabolism. On the other hand, the liver is the major 
tissue responsible for the production of CETP (CETP 
mRNA) in rabbits. To test the hypothesis that a reduc- 
tion of CETP mRNA in the liver by antisense oligode- 
oxynucleotides (ODNs) may affect the plasma lipopro- 
tein cholesterol levels, we intravenously injected 
antisense ODNs against rabbit CETP coupled with asia- 
loglycoprotein carrier molecules, which serve as an im- 
portant method to regulate liver gene expression, to 
cholesterol-fed rabbits via their ear veins. All rabbits 
were fed a standard rabbit chow supplement with 0.1% 
cholesterol for 10 weeks before and throughout the ex- 
periment. After injecting rabbits with antisense ODNs, 
the plasma total cholesterol concentrations and plasma 
CETP activities all decreased at 24, 48, and 96 h, whereas 
the plasma HDL cholesterol concentrations increased at 
48 h. A reduction in the hepatic CETP mRNA was also 
observed at 6, 24, and 48 h after the injection with anti- 
sense ODNs. However, in the rabbits injected with sense 
ODNs, the plasma total and HDL cholesterol concentra- 
tions and the plasma CETP activities did not signifi- 
cantly change, and the hepatic CETP mRNA did not 
change either throughout the experimental period. Al- 
though the exact role of CETP in the development of 
atherosclerosis remains to be clarified, these findings 
showed for the first time that the intravenous injection 
with antisense ODNs against CETP coupled to asialogly- 
coprotein carrier molecules targeted to the liver could 
thus inhibit plasma CETP activity and, as a result, could 
induce a decrease in the plasma low density lipoprotein 
and very low density lipoprotein cholesterol and an in- 
crease in the plasma HDL cholesterol in cholesterol-fed 
rabbits. 



Cholesteryl ester transfer protein (CETP)* is a plasma gly- 
coprotein that catalyzes the transfer of cholesteryl ester and 
triglyceride among lipoproteins (1, 2). CETP deficiency in hu- 
mans (3-5) has been proposed to be associated with longevity 



* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement:' in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact. 

t To whom correspondence should be addressed. Tel.: 81-977-24- 
5301; Fax: 81-977-24-8945. 

' The abbreviations used are: CETP, cholesteryl ester transfer pro- 
tein: HDL, high density lipoprotein; LDL. low density lipoprotein; ODN, 
oligodeoxynucleotide; VLDL, very low density lipoprotein; PGR, polym- 
erase chain reaction. 



(3). The homozygotes for CETP deficiency demonstrated mark- 
edly elevated HDL-C and plasma apoA-I levels as well as 
decreased LDL cholesterol and plasma apoB levels (4, 6). 
CETP-deficient subjects have also been found to have a sub- 
stantially increased catabolic rate of apoB as the primary met- 
abolic basis for the low plasma levels of LDL apo B (7). This 
finding indicates that the LDL receptor pathway may thus be 
up-regulated during CETP deficiency. It has also been pro- 
posed that a CETP deficiency may be associated with protec- 
tion against ishemic heart disease, based on the observed lon- 
gevity in one kindred (3), as well as the lack of any evidence of 
coronary heart disease (6) in other kindreds with CETP defi- 
ciency; however, these findings remain controversial. Several 
other lines of evidence also support the hypothesis. The plasma 
level of CETP is directly correlated with the extent of coronary 
atherosclerosis in monkeys fed a cholesterol diet (8). A trans- 
genic mouse overexpressing simian CETP developed acceler- 
ated atherosclerosis (9). Thus, the inhibition of plasma CETP 
activity may potentially be a novel method of reducing the 
plasma levels of LDL cholesterol by enhancing LDL catabolism 
(7) and decreasing the transfer of cholesteryl ester from HDL to 
apoB-containing lipoproteins (1,2). Since the liver is the major 
tissue responsible for the production of CETP (CETP mRNA) in 
rabbits (10, 11) (even though adipose tissue may also be the 
major tissue responsible for the production of CETP in mon- 
keys (12)), a reduction of CETP in the liver by antisense oli- 
godeoxynucleotides (ODNs) may thus cause a reduction in the 
plasma LDL and/or VLDL cholesterol concentrations. The pres- 
ent study was therefore undertaken to determine the effect of 
an intravenous injection with antisense ODNs to the liver on 
the CETP mRNA expression, plasma CETP activity and 
plasma cholesterol concentrations in rabbits fed a low choles- 
terol diet. These antisense ODNs were originally designed to be 
coupled with asialoglycoprotein carrier molecules, and this cou- 
pling serves as an important method to regulate liver gene 
expression (13). 

MATERIALS AND METHODS 

Construction of ODNs — ^The sequences of ODNs against rabbit CETP 
used in this study were as follows: antisense, 5'-CTTGACCCGGC- 
CGAGGAGCAT-3'; sense, 5'-ATGCTCCTCGGCCGGGTCAAG-3', posi- 
tions + 148 to -!- 168 of the rabbit sequence (11), These selected target 
sequences have relatively low homology with any of the other known 
cDNA sequences found in the GenBank data base. The synthetic ODNs 
were purified on the column, dried down, resuspended in Tris-EDTA (10 
mM Tris, pH 7.4, and 1 mM EOT A), and then quantitated by spect- 
rophotometry. Asialoglycoprotein-poly-L-lysine (M^ approximately 
71,400), which was prepared according to the method of Wu and Wu 
(14) and Wu etai. (15). was added to the ODNs (at a molar ratio of 25:1) 
with vigorous mixing. The solution was incubated at 4 "C overnight and 
dialyzed (two times) against 0.15 M saline (1500:1; membrane M^ cutoff, 
3500). The samples were electrophoresed through a 2% agarose gel 
using Tris/borate/EDTA buffer and then stained with ethidium bromide 
to visualize DNA. The samples were filtered through a 0.2-/ujn mem- 
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Fig. 1. Asialoglycoprotein-poly-L-lysine-ODN complex and 
ODNs alone were electophoresed through 2% agarose gel using 
a Tris/borate/EDTA buffer and then were stained with ethidium 
bromide to visualize DNA. Lane 1, asialoglycoprotein-poly-L-lysine- 
ODN-complex; Jane 2, ODNs alone; MM, HaeUl molecular marker. 



brane (Millipore Corp., Bedford, MA) before injection. 

Experimental Protocol— Ty^enty -six male Japanese white rabbits 
weighing 2.0-2.5 kg were used in the experiment. All animals were 
housed individually, had free access to water, and were fed a standard 
rabbit chow supplement with 0. 1 % cholesterol for 1 0 weeks before and 
throughout the experiment. The plasma total and HDL cholesterol 
concentrations, which did not significantly change between the period 
after 9 and 10 weeks of feeding, were determined. Thirteen animals 
were injected with asialoglycoprotein-poly-L-lysine-antisense ODN 
complex, whereas the remaining 13 animals were injected with asialo- 
glycoprotein-poly-L-lysine-sense ODN complex via the ear veins. The 
amount of ODNs injected was 30 ^g/kg for each rabbit. At 6, 24, 48, and 
96 h after injection, two rabbits in each group were killed, andiiver 
specimens were taken. At the same time, about 1 ml of the blood was 
drawn from the remaining animals via their ear veins. 

Measurement of CETP mRNA~Tota\ RNA was isolated from the 
liver with a RNAzolB solution (Biotex, Friendswood, TX) according to 
the the manufacturers procedure with slight modifications (12). The 
abundance of CETP niRNA was determined by quantitative dot blotting 
(16). The rabbit cRNA probe labeled with fluorescein-dUTP was pro- 
duced by the nonradiolabeled, reverse transcription polymerase chain 
reaction (PCR) (Amersham Corp.), according to the rabbit sequence 
(11). The sense and antisense primers used for PCR, the sizes of the 
PCR products, and the PCR cycles in each cRNA probe were: CETPi 
sense, 5'-CTTTCCATAAACTGCTCCTG-3'; antisense, 5'-CCTGGG- 
TCTCCGCACTTTCT-3'; size, 482 base pairs; 30 cycles; and glyceralde- 
hyde-3-phosphate dehydrogenase, sense, 5'-ATGGTCTACATGTTC- 
CAGTA-3'; antisense. 5'-TAAGCAGTTGGTGGTGCAGG-3'; size, 343 
base pairs; 30 cycles. 

Biochemical Analysis — ^The plasma cholesterol concentrations were 
measured in whole plasma and in the HDL-containing supernatant 
after the precipitation of VLDL and LDL with dextran-Mg^**^ using the 
Wako total and HDL cholesterol measuring kit (Wako Ltd., Osaka, 
Japan). The plasma constituents related to liver function were analyzed 
using an automatic analyzer (Hitachi Ltd., Tokyo, Japan). The CETP 
activity in the plasma was determined by a radioassay according to the 
modified method of Yen et al. (17). A volume of 20 ^1 of plasma was 
incubated for 30 min at 37 *C in the presence of pHJcholesteryl oleate- 
labeled HDL (3-10 nmol CE) and an excessive amount of VLDL and 
LDL (0.2 /imol of CE). The volume was adjusted to 200 ^i,l with Tris- 
saHne (pH 7.4) before incubation. After the precipitation of VLDL and 
LDL by heparin and MnClg (18), half of the supernatant volume was 
then removed and counted in a liquid scintillation counter. 

Statistical Analysis — AH values are presented as the mean ± stand- 
ard error of the mean. The statistical analysis was performed by a 
paired t test for comparisons in the intragroup and by Student's t test 
for comparisons between the groups. Differences were considered sta- 
tistically significant at a value of p < 0.05. 

RESULTS 

We characterized the asialoglycoprotein-ODN complex by gel 
electrophoresis. The samples were electrophoresed through a 
2% agarose gel using Tris/borate/EDTA buffer and then were 
stained with ethidium bromide to visualize DNA (Fig, 1). The 
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Fig. 2. Changes in the plasma cholesterol concentrations and 
plasma CETP activities. Concentrations were measured at 0 (/7 = 
13), 6 (n = 1 1), 24 [n = 9). 48 {n = 7), and 96 (/? = 5) h for each group. 

rabbits injected with antisense ODNs; O, rabbits injected with sense 
ODNs. Values are mean ± S.E. a, p < 0.05; b. p < 0.01; c, p < 0.001 
compared with 0 h, as determined by a paired t test. X, p< 0.05; y, p< 
0.01 compared with rabbits injected with sense ODNs, as determined by 
Student's t test. 

ODNs were retained by the asialoglycoprotein-poly-L- lysine 
conjugate in the well, whereas ODNs alone entered the gel. In 
the rabbits injected with antisense ODNs, the total cholesterol 
concentrations and the CETP activities were all significantly 
decreased at 24, 48, and 96 h compared with those at 0 h. At 
48 h, the total cholesterol concentrations and the CETP activ- 
ities were also significantly lower in the rabbits injected with 
antisense ODNs than in those injected with sense ODNs (Fig. 
2). The HDL cholesterol concentrations significantly increased 
at 48 h compared with those at 0 h and the rabbits injected with 
sense ODNs (Fig. 2). In the rabbits injected with sense ODNs, 
the total and HDL cholesterol concentrations and the CETP 
activities did not significantly change throughout the experi- 
ment (Fig. 2). Fig. 3 shows a typical example of the dot blot 
analyses of hepatic CETP mRNA treated with antisense ODNs. 
A reduction of hepatic CETP mRNA was observed at 6, 24, and 
48 h after injection with antisense ODNs. When the amount of 
hepatic CETP mRNA was measured by scanning and expressed 
as a ratio to glyceraldehyde-3-phosphate dehydrogenase 
mRNA, the mean values were 0.83 (100%) at 0 h, 0.43 (51.8%) 
at 6 h, 0.40 (48.2%) at 24 h, 0.65 (78.3%) at 48 h, and 0.87 
(104.8%) at 96 h (the parentheses express the percentages 
against the value at 0 h). Hepatic CETP mRNA treated with 
sense ODNs did not change throughout the experimental pe- 
riod (data not shown). We measured the plasma constituents 
related to liver function (aspartate aminotransferase, alanine 
aminotransferase y-GTP, alkaline phosphatase, and total bili- 
rubin), including triglyceride in the rabbits (data not shown). 
These levels did not significantly change throughout the exper- 
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Fig. 3. Dot blot analyses of hepatic CETP mRNA treated with 
antisense ODNs. GIyceraIdehyde-3-phosphate dehydrogenase mRNA 
[GAPDH) is indicated as the control. 

imental period and were also not significantly different be- 
tween the animals injected with sense and antisense ODNs. 

DISCUSSION 

In the present study, an injection of asialoglycoprotein-poly- 
L-lysine-antisense complex reduced the hepatic CETP mRNA, 
plasma CETP activities, and plasma total cholesterol, whereas 
it increased HDL cholesterol concentrations. The antisense 
ODNs used in the present study demonstrated no side effects 
within 4 days after injection. The antisense ODNs are widely 
used as inhibitors of specific gene expression because they offer 
the possibility of blocking the expression of a particular gene 
without any changes in the functions of other genes (19). How- 
ever, for successful antisense delivery, some criteria must be 
fulfilled (19-21). Recently, an efficient gene transfer method 
mediated by a viral liposome complex has been used as a 
delivery system of antisense ODNs in vivo (22-24). However, to 
use the methods mentioned above, many technical and meth- 
odological difilculties still need to be overcome in comparison 
with those in our study, and such gene targeting is also trou- 
blesome to use in chronic clinical situations, such as in the 
treatment of atherosclerosis. Regarding lipoprotein metabo- 
lism, almost all enzymes and apolipoproteins are produced in 
the liver; therefore, the efficient receptor-mediated delivery of 
antisense ODNs to the liver in vivo used in our study may be 
useful for both diagnostic and therapeutic applications for li- 
poprotein metabolism. In our study, the total cholesterol con- 
centrations and the CETP activities were all significantly de- 
creased at 24, 48, and 96 h, whereas the HDL cholesterol 
concentrations significantly increased only at 48 h compared 
with those at 0 h. At 48 h. the total cholesterol decreased 
substantially more than the HDL cholesterol increased (Fig, 2). 
Although we could not conclusively clarify the exact reason for 
these results, the following factors are considered to play a role. 
The assay used for the CETP activity in this study cannot 
always show the true CE mass transfer in vivo, because the 
assay uses exogenous lipoprotein substrates added in the as- 
say, whereas in vivo the CE is transferred among the endoge- 
nous lipoproteins of plasma (25). This may partly explain why 
the CETP activity is still significantly reduced at 96 h, whereas 
the HDL cholesterol levels returned to normal. It has been 
reported that there is an inverse relationship between the 
plasma CETP and liver LDL receptor mRNA in CETP trans- 
genic mice (26). The induced LDL receptor expression in LDL 
receptor transgenic mice leads to a marked reduction in plasma 
VLDL and LDL (27), possibly because approximately 50-80% 
of VLDL and/or LDL is cleared by hepatocytes, due to LDL 
receptor-mediated endocytosis (28, 29). LDL receptor protein 
and activity are generally parallel to LDL receptor mRNA 
levels (27). It is also indicated that the reduction of plasma 
CETP reduces the plasma levels of LDL and VLDL cholesterol 
possibly by enhancing LDL catabolism (7) and possibly by 
decreasing the transfer of cholesteryl ester from HDL to apoB- 
containing lipoproteins (1, 2), and it also increases the plasma 
level of HDL cholesterol, possibly due to the latter reason. 
Since normal rabbits have a large degree of CETP activity (30), 



and the LDL receptor is down-regulated, and CETP mRNA in 
the liver and plasma CETP increase especially in the rabbits 
fed an atherogenic diet more than in those fed a standard diet 
(10), the inhibition of CETP by antisense ODNs in our study 
may thus affect not only the decrease in CETP but also the 
increase in the LDL receptor much more than other models. 
Thus, as a result, the VLDL and LDL cholesterol levels might 
be reduced more than the HDL level was increased. Our anti- 
sense injection was considered successful for the following rea- 
sons: (a) the asialoglycoprotein-poly-L-lysine-antisense complex 
is rapidly and preferentially taken up by the liver (13) and has 
enhanced resistance to nuclease degradation in plasma (31); (6) 
the amount of CETP mRNA in the liver is thought to be rela- 
tively low compared with other lipoprotein mRNAs in the liver; 
however, these findings have only been previously seen in the 
cynomolgus monkey (12); and (c) the liver is the major tissue 
responsible for the production of CETP (CETP mRNA) in rab- 
bits (10, 11) (although adipose tissue may also be found in 
monkeys (12)). The exact role of CETP in the development of 
atherosclerosis has yet to be clarified. Marotti et al (9) demon- 
strated that transgenic mice expressing cynomolgus monkey 
CETP had significantly more early atherosclerotic lesions in 
the proximal aorta than controls when fed a high cholesterol 
diet. On the other hand, more recently Hayek et al (32) con- 
cluded that CETP expression inhibited the development of 
early atherosclerotic lesions in hypertriglyceridemic mice. The 
CETP expression in hypertriglyceridemic animals produced a 
much greater reduction in the HDL size (33). These small 
particles, which can be produced by CETP (34), may thus be an 
optimal mediator of cellular cholesterol efflux (35). 

In conclusion, in this study vve have shown that the intrave- 
nous administration of the asialoglycoprotein-poly-L-lysine-an- 
tisense complex is a beneficial method for reducing the plasma 
levels of LDL and VLDL cholesterol and increasing the plasma 
level of HDL cholesterol, possibly by enhancing LDL catabo- 
lism (7) and decreasing the transfer of cholesteryl ester from 
HDL to apoB-containing lipoproteins (1, 2). However, it must 
be mentioned that our results were limited to the period com- 
prising only several days after the injection. Therefore, to elu- 
cidate the exact effect of CETP on atherosclerosis development, 
further longer term studies are called for. 
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Transgenic BDF-1 mice harboring an inducible, tis- 
sue-specific transgene for RNA antisense to Ga^ provide 
a model in which to study a loss-of-function mutant of 
Cttq in vivo. Ga^ deficiency induced in liver and white 
adipose tissue at birth produced increased body mass 
and hyperadiposity within 5 weeks of birth that per- 
sisted throughout adult life. Gaq-deficient adipocytes 
display reduced lipolytic responses, shown to reflect a 
newly discovered, aj-adrenergic regulation of lipolysis. 
This a^-adrenergic response via phosphoinositide hy- 
drolysis and activation of protein kinase C is lacking in 
the Gofq loss-of-function mutants in vivo and provides a 
basis for the increased fat accumulation. 



Heterotrimeric G-pro tains (G-proteins)^ mediate transmem- 
brane signaling from a populous group of cell-surface receptors 
to a lesser group of effector molecules that includes adenylyl 
cyclase, phospholipase C, and various ion channels (1). G-pro- 
teins have been shown to regulate complex biological processes, 
including cellular differentiation (2, 3), neonatal development 
(4-6), and oncogenesis (7), The expression of Ga^, for example, 
is highly localized to the growth cones of developing neurites 
(2). Suppression of Ga^ expression provokes the collapse of 
developing growth cones (8), whereas expression of constitu- 
tively active mutants of Ga^ promote increased expression of 
neurites (9). In adipogenesis of 3T3 LI embryonic fibroblasts, 
Gttg acts as a suppressor (2). Inducers of differentiation stim- 
ulate a sharp decline in Gag levels, and constitutive expression 
of Gttg blocks induction of differentiation (2). Gai2 been 
shown to regulate the progression of embryonic stem cells to 
primitive endoderm (4), acting via phospholipase C (PLC) and 
protein kinase C to suppress progression (10). The morphogen 
retinoic acid induces primitive endoderm by stimulating a 
sharp decline in Ga^a (4). Mimicking the decline with oligode- 
oxynucleotides antisense to Ga^a provokes progression in the 
absence of retinoic acid (4, 10). Study of G-proteins in vivo is a 
formidable task. The role of Gai2 in vivo has been studied 
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through inducible, tissue-specific ablation by antisense RNA (5, 
6) and gene inactivation by homologous recombination (11). 
Deficiency in Gai2 leads to a runted phenotype (5, 6, 11), insulin 
resistance (12), and for the transgenic mice with the inacti- 
vated Gai2 gene, ulcerative colitis and adenocarcinoma of the 
colon (11). 

Little is known about the role of G-proteins of the Gq family 
in vivo. Two highly homologous members of the Gq subfamily of 
G-proteins, Gaq and Gan, can stimulate PLC and are insensi- 
tive to pertussis toxin (13-17). Ga^ have been shown to medi- 
ate growth in fibroblasts in response to bradykinin and throm- 
bin (18), hypertrophy in cultured neonatal ventricular 
myocytes (19), and transformation in NIH 3T3 cells (20). In the 
current work, we employ conditional, tissue-specific expression 
of RNA antisense to Gaq in transgenic mice to explore the role 
of this G-protein in vivo and more specifically in white adipo- 
C3^es made deficient of Guq. 

EXPERIMENTAL PROCEDURES 

Reagents and Supplies— m]cy die AMP, ^dCTF, [y-^^PlATP. 
PH] inositol 1,4,5-trisphosphate (IP3), Gene Screen Plus, and anti-Gajg 
antibodies (EC2) were purchased from Dupont NEN. All other reagents 
were purchased from Sigma or standard suppliers (5). 

Mice— The B6D2F1 (BDFl) strain of mice was purchased from Tac- 
onic Farms inc. and handled in accordance with the guidelines estab- 
lished by the Institutional Animal Care and Use Committee at the State 
University of New York at Stony Brook. 

Experimental Design of the Antisense RNA Strategy — The pPCK- 
ASGoTq expression vector was constructed as described below using 
standard techniques. In order to insert the antisense sequence at the 
Bglll site within the first exon of the phosphoenolpyruvate carboxyki- 
nase (PEPCK) gene, the 7.0-kb PEPCK gene was subcloned as a 1.0-kb 
jEcoRI/i/mdlll and a 5.8-kb HindlWBamiil fragment into the vector 
pGEM7Zfl[+) (Promega), The vector harboring the 1.0-kb gene fragment 
was digested with Bglll, and the restriction ends were made flush using 
the Klenow fragment. The 39- bp antisense sequence was obtained 
within a 235-bp NheVSstl fragment excised from the vector pLNC- 
ASGttiQ (4). The restriction ends of this fragment were filled-in, ligated 
with the B^/II-digested gene fragment, and used to transform XL-1 
Blue strain of Escherichia coli (Stratagene) under selection with ampi- 
cillin, Plasmids with the 1.2-kb fragment and an insert oriented to 
produce antisense RNA were identified by direct DNA sequencing. The 
1.2-kb fragment containing the antisense sequence was digested with 
SacII and Clal (sites present in the 235-bp sequence harboring the 
antisense sequence), and a 59-bp oligomer containing the sense se- 
quence to Gttq (-33 to +3) flanked by restriction enzyme sites for Bell 
(5') and Sail (3') was ligated via force cloning into the 5ccII and Clal 
sites. Insertion of the oligomer was confirmed by restriction digest 
analysis with Bell and Sail. The presence of unique restriction sites 
within the 235-bp fragment facilitates the removal and insertion of 
different antisense sequences in a cassette-like fashion. The 1.2-kb 
fragment containing the antisense sequence was excised and ligated 
into the plasmid harboring the 5.8-kb gene fragment to produce the 
7.0-kb pPCK-ASGa^ construct. In addition, the synthesis of primers 
complimentary to the flanking ends of the 235-bp insert allows for 
discrimination between the pPCK-ASGa^ RNA and the endogenous 
PEPCK RNA in subsequent reverse transcription-PCR amplification 
reactions (see below). 

In choosing the antisense RNA target sequence, we had to consider 
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the large degree of nucleotide identity among the G-protein a-subunits 
within their respective open reading frame regions. This prompted us to 
look for unique target sequences within the 5'- and 3 '-untranslated 
regions of the Ga^ mRNA. The 36 nucleotides immediately upstream of 
and including the translation initiation codon were chosen to serve as 
the antisense target sequence. This 39-base pair sequence (5'-CGCGC- 
CGGCGGGGCTGCAGCGAGGCACTTCGGAAGAATG-3') did not show 
any significant homology with sequences present in the GenBank''"'^ 
data base, including Gaj, (33% homology) and Ga^^ (27% homology). 

Cell Culture and Transfection — FT0-2B cells were cultured in a 5% 
CO2, 95% O2 chamber and maintained in Ham's F-12/Dulbecco's mod- 
ified Eagle's medium (1:1) supplemented with 10% fetal bovine serum. 
Cells were cotransfected with a plasmid that would allow for neomycin 
selection of positive transfectant clones. The control vector or pPCK- 
ASGttq construct was added in 5-fold excess relative to the plasmid 
containing the selectable marker. Transfection was carried out using 
the Lipofectin reagent (Life Technologies, Inc.) according to the manu- 
facturer's protocol. 

Detection of Antisense RNA Expression — Total RNA was extracted as 
described previously (4). One microgram of total RNA was reverse 
transcribed using a pPCK-ASGaq-specific downstream primer and then 
PCR-amplified in the presence of both the upstream and downstream 
primer set according to the manufacturer's protocol (Perkin-Elmer). 
The sequences for the upstream and downstream primers were 
dCGTTTAGTGAACCGTCAGA and dAGGTGGGGTCTTTCATTOCC, 
respectively. 

Production of Transgenic Mice — Transgenic lines of mice were pro- 
duced at the Transgenic Mouse Facility at SUNY Stony Brook using 
standard techniques (5, 6). Briefly the pPCK-ASGoq construct was 
excised fi'ee of vector sequences and purified prior to microinjection into 
single-cell preimplantation embryos. Microinjected embryos were then 
transferred to pseudopregnant females. Offspring carrying the trans- 
gene were identified by PGR amplification and subsequent Southern 
analysis using a pPCK-ASGaq-specific probe uniformly labeled with 
P^PldCTP (5), Five separate founder lines were identified by Southern 
analysis and bred over 10 generations (5). 

White Adipocyte Isolation — White adipocytes were isolated from ep- 
ididymal and parametrial fat pads by coUagenase digestion, as de- 
scribed previously (5). Briefly, 0.5-1.0 g of adipose tissue was excised 
from male and female mice, weighed, and added to an equal volume of 
Krebs-Ringer phosphate buffer (KRP) containing 3% bovine serum al- 
bumin (KRP/BSA), prewarmed to 37 ''0, The tissue was digested for 1 h 
using coUagenase (1 mg/ml) at 37 "C in an orbital, shaking water bath. 
The isolated adipocytes were washed twice with the KRP/BSA buffer 
and then resuspended to a final volume to achieve 62.5 mg of wet weight 
of packed adipocytes/ml in the same buffer. The KRP/BSA buffer was 
supplemented with adenosine deaminase at a concentration of 0.5 
unit/ml. 

Cyclic AMP Accumulation and Lipolysis — Briefly, coUagenase-di- 
gested white fat cells from epididymal and epoophoronal pads were 
incubated at 37 °C in KRP buffer supplemented with 3% bovine serum 
albumin and adenosine deaminase (0.5 unit^ml) for 30 min in the 
absence or presence of the drugs indicated. For lipolysis determina- 
tions, the assays were terminated with 0.65 N HCIO4. Samples were 
deproteinized and neutralized with KOH/KOl/imidazole (2.6/0.52/0.52 
M, respectively) and the glycerol content determined by measuring the 
reduction of NAD"*" to NADH in a coupled assay, NADH production was 
assayed using a microplate fluorometer set to an excitation wavelength 
of 360 nm and an emission wavelength detection of 460 nm. The mass 
of glycerol per sample was extrapolated from a standard curve of stock 
glycerol. Cyclic AMP accumulation was measured using a competitive 
binding assay. Briefly, 80 yX of fat cells (--5 mg/tube) were treated with 
various agents for 6 min at 37 *C. The reaction was stopped by the 
addition of HCl (0.1 N final) and boiling for 1 min. The samples were 
neutralized with NaOH and assayed for cyclic AMP content. Cyclic 
AMP accumulation was measured in adipocytes stimulated with either 
phenylephrine, epinephrine, norepinephrine, or isoproterenol The data 
are expressed as the mean values in picomoles of cyclic AMP (±S.E.) per 
million cells from three independent trials, each performed in triplicate. 

IP3 and 1,2'Sn-Diacy glycerol (DAG) Accumulation — Cells were incu- 
bated with the indicated agents and the IP3 measured as described 
previously (21). DAG was determined using the DAG kinase assay (10). 
The data are expressed as the mean values in nanomoles (±S,E.) per 
million cells from three independent trials, each performed in triplicate. 

G'protein Immunoblot Analysis — Membrane fractions were prepared 
from rat hepatoma FT0-2B ceUs, as described previously (5), Cell mem- 
branes were prepared from adipose tissue of transgenic mice and their 
control Httermates (5). Aliquots of cell membrane were subjected to 



SDS-polyacrylamide (10% acrylamide) gel electrophoresis, and the sep- 
arated proteins were transferred to nitrocellulose blots. The blots of the 
membrane proteins were probed with anti-peptide antibodies specific 
for Gttq (antibodies E973 and E976), Ga^^ (antibody CM112), Ga, (an- 
tibody CM129), G^2 (antibody CM162), Gan (antibody E976), or Ga,^ 
(antibody EC2), and the immune complexes were made visible by stain- 
ing with a calf alkaline phosphatase-conjugated, goat anti-rabbit IgG 
second antibody (4, 5). The "CM" antibodies were prepared by our 
laboratory (4, 5). 

RESULTS AND DISCUSSION 

Defining the role of a specific G-protein subunit, like Gaq, in 
vivo is a formidable task. We adopted the strategy of condi- 
tional, antisense RNA to ablate Ga^ in vivo in a tissue-specific 
manner, creating loss-of-function mutants in adipose and liver, 
prominent sites of Gaq expression. The degree of nucleotide 
identity among the G-protein a-subunits within the open read- 
ing frames dictated selection of the 5 '-untranslated region im- 
mediately upstream and including the ATG initiator codon 
(-33 to +3) as the antisense RNA sequence targeting Ga^ (Fig. 
1). This region is unique with respect to sequences with the 
GenBank'^^ data base and does not share significant homology 
with other G-protein a-subimits (Fig. LA), including other 
members of the Gq family, Ga^ (33% homology with respect to 
Gttq) and Ga^^ (27% homology with respect to Gaq). A double- 
stranded oligodeoxynucleotide fragment antisense to Gaq was 
inserted into Bell and Sail sites of the pPCK-AS vector (Fig. 

15) , an inducible expression vector driven by the promoter of 
the PEPCK gene (5, 6). Screening of FT0-2B hepatoma cells 
stably transfected with pPCK-ASGaq was performed from day 
0 to day 12 following induction of the promoter with the chlo- 
rophenylthio analogue of cyclic AMP (CPT-cyclic AMP, 25 ptM). 
Immunoblots reveal that levels of Ga-^^, Gag, and G)32 were 
unaffected by induction of pPCK-ASGaq, while staining with 
an antibody to Gaq displayed a 54% loss by day 6, and 86% loss 
of Gttq by day 9 following induction (Fig. IC). By day 12 of the 
induction with CPT-cyclic AMP, Gaq was not detectable in the 
immunoblots of FT0-2B cell membranes. Induction of the 
pPCK-SGaq vector, harboring the sense as compared to anti- 
sense sequence for Goq, resulted in a null phenotype, i.e. Ga^ 
expression was normal. Gaq activates PLC-)3 in the liver (12- 

16) and suppression of Gaq in FT0-2B hepatoma cells reduced 
basal PLC activity from 2.7 ± 0.6 to 1.0 ± 0.3 (p < 0.05 for 
difference) and abolished PLC stimulation in response to either 
10 nM angiotensin II (0.9 ± 0.3) or 10 /am norepinephrine 
(0.95 ± 0.2), as determined by mass assay of intracellular IP3 
accumulation at 30 s following hormonal stimulation (n = 5, 
pmol of IP3 accumulation//Ltg of cellular protein). 

The pPCK-ASGaq construct was excised as a 7.0-kb EcdRl- 
BarnKl fragment, microinjected into single cell, preimplanta- 
tion embryos, and the microinjected embryos were transferred 
into pseudopregnant recipients. BDFl mice harboring the 
transgene were identified by PGR of tail DNA. Five independ- 
ent founders were identified from two rounds of microinjection 
and implantation. Five separate founder lines have been prop- 
agated for more than 10 generations. Immunoblots of crude 
membranes from fat, liver, brain, and lung subjected to SDS- 
PAGE and stained with a Gaq-specific antiserum reveal the 
near absence of Gaq in the tissues, fat and liver, targeted by the 
transgene (Fig. ID). Immunoblots of brain and lung, tissues not 
targeted by the PEPCK vector, displayed normal levels of Gaq 
(Fig. IE). Expression of Gajg, G]32, and Ga^ (not shown) were 
not significantly altered in the transgenic mice. 

Necropsy and histology of the transgenic mice were per- 
formed. Prominent was the increase in body weight observed in 
the mice harboring the pPCK-ASGoq transgene (Fig. 2A). By 5 
weeks of age, the transgenic mice were > 135% of the body 
weight of their control littermates, for both male and female 
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Fig. 1. GcKq expression is suppressed in hepatoma cell stably 
transfected with pPCK-ASGa^ and in mice harboring the pPCK- 
ASGttq transgene. Comparison of the 5 '-untranslated region from Ga^ 
(nucleotides -33 to +3) with Gai4 and Ga^i, additional members of the 
Gq family (panel A). The pPCK-ASGa construct for inducible expres- 
sion of RNA antisense to Ga^ (panel B). The 36-nucleotide sequence 
upstream of and including the translation initiation codon was inserted 
into the first exon of the rat phosphoenolpyruvate carboxykinase gene 
(PC/0 to provide a 2.8-kb hybrid pPCK-ASGoq antisense RNA, driven 
by a promoter which is silent in utero and activated at birth. Crude 
membranes (0.2 mg of protein/SDS-polyacrylamide gel electrophoresis 
lane) were prepared from rat hepatoma FT0-2B cells that were stably 
transfected with the pPCK-ASGa^ construct and induced with CPT- 
cyclic AMP for 0, 6, 9, and 12 days, subjected to SDS-polyacrylamide gel 



mice alike (Fig. 2B). Progeny of the five founder lines harboring 
the transgene all display the increased body v^^eight (not 
shown). The fat mass at 4 weeks after birth increased by 50% 
in the transgenic mice (Fig. 2C). At 8 weeks of age, the white 
epididymal and epoophoronal fat mass of. the transgenic mice 
was 1.75-fold greater than that of the control mice. Segregated 
by gender for males, white fat mass (mg) was 215 ± 5 and 
333 ± 8 (/I = 5,p < 0.05) for 12-week-old control and transgenic 
mice, respectively. For females, white fat mass was 160 ± 10 
mg and 303 ± 8 mg (/i = 6, p < 0.05) for 12-week-old control 
and transgenic mice, respectively. By 24 weeks, the transgenic 
mice displayed a 1.4-fold increase in fat mass, and the percent- 
age of whole body weight as fat mass was 2.3 ± 0.2 as compared 
to 1.1 ± 0.3 in = 6) for control mice (Fig. 2C). Total body protein 
and nasal-anal length were unaffected by the presence of the 
transgene over this same range in age (not shown). Equally 
notable was the dramatic increase in adiposity, i.e. fat cell 
number, that occurred in the transgenic mice lacking Ga^ 
expression in adipose tissue (Fig. 2D). 

To assess the effects of Ga^ deficiency on cell signaling, we 
investigated the adipoc3^es isolated from transgenic mice and 
their control littermates. PLC-)3 signaling by loss-of-function 
Gttq-deficient white adipocytes was virtually abolished, i.e. IP3 
and DAG accumulation in response to norepinephrine, vaso- 
pressin, phenylephrine, or bradykinin (all hormones that acti- 
vate PLC) was markedly attenuated (Fig, 3, A and 5, respec- 
tively). Suppression of Ga^ in adipocytes of the pPCK-ASGaq 
mice and the stably transfected hepatoma cells abolished PLC 
activation by a variety of hormones (Figs. 1 and 3). This loss of 
signaling in Ga^ deficiency occurs, although expression of the 
Goii subunit was found to be normal (not shown). Both Ga^ 
and Gail expressed in a number of tissues (12-14), includ- 
ing fat and liver. The observations from the present study 
suggest that Ga^ and Ga^ may not be redundant with respect 
to PLC activation in vivo. 

Since PLC activation and accumulation of either IP3 or DAG 
have not been implicated in controlling lipolysis, the pharma- 
cology of the lipolytic response observed in the Ga^-deficient 
adipocytes came as a great surprise (Fig. 3C). The lipoljrtic 
response to a mixed a- and j3-adrenergic agonist norepineph- 



electrophoresis, transferred to nitrocellulose blots, and probed with 
rabbit polyclonal antisera specific for the G-protein subunits indicated 
(5, 6). Immunecomplexes were made visible with goat anti-rabbit IgG 
coupled to calf alkaline phosphatase and colorimetric development 
(panel C). Crude membranes were prepared from epididymal and 
epoophoronal white fat and liver (panel D) and brain and lung (panel E) 
tissues obtained from 24-week-old control (C) and transgenic (7^ mice. 
Samples (15 ^g of protein/lane) were subjected to SDS-polyacrylamide 
gel electrophoresis on a mini-gel apparatus and transferred to nitrocel- 
lulose for immunoblot analysis of various G-protein subunits, as de- 
scribed earlier (5, 6). For immunoblotting, the sample loading was 
limited to 15 ^g/lane, within the range established for linearity between 
sample loading and quantification of immunostaining (not shown). 
Quantification of the blots revealed no significant change in the G- 
protein subunits tested between control and transgenic mouse tissues, 
with the exception of the loss of Ga^ in liver and fat tissues. Expression 
of Ga^ was normal in liver and fat, although reduced (<15%) occasion- 
ally in fat, but not liver, of some transgenic mice (not shown). Scanning 
densitometry values for immunoblots of fat tissue from control and 
transgenic mice, respectively, were as follows: Ga^, 0.26, 0.01; Ga,, 0.92, 
0.88; G/3, 0.31, 0.33; and Gaig, 0.72, 0.75 arbitrary CD units. Scanning 
densitometry values for immunoblots of liver tissue from control and 
transgenic mice, respectively, were as follows: Gotq, 0.51; 0.02; Ga., 0.68, 
0.64; Gp, 0.27, 0.25; and Gajg, 0.22, 0,25 arbitrary OD units. Scanning 
densitometry of immunoblots fi-om brain and Ixmg revealed no signifi- 
cant difierences in the values obtained with tissues from transgenic as 
compared to control mice (not shown). The antibodies employed for 
staining of immunoblots for specific G-proteins subunits were as fol- 
lows: E973 for Ga_; CM112 for Ga^^l CM129 for Ga.; E976 for Gon; and 
CM162 for Gp2. 
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Fig. 2. Suppression of Ga expression by RNA antisense to Ga^ causes increased body weight and fat mass. The pPCK-ASGa^ 
transgenic mice have increased Dody weight {panels A and B), increased white fat mass (panel C), and increased adiposity (panel D). Five founders 
and the progeny of each of the founder hnes for 10 generations were maintained and propagated by independent outbreeding to BDFl control mice. 
The five founders and all members of their lineages at each generation display this phenotype (see Table I). In all cases, the data displayed were 
obtained from members of at least three of the five founder lines. Transgenic mice and their littermate controls were analyzed at ages spanning 
3-24 weeks. The data are expressed as the mean values ± S.E. from at least six animals for each age group, transgenic and control alike. Fecundity 
and litter size were no different in the transgenic as compared to control mice. Mice shown in panel A were 12-week-old males, left-hand panels 
transgenic mouse and right-hand panel, control mouse. Panel B, the body weight of pPCK-ASGaq transgenic mice and their control littermates, 
segregated by sex. Panel C, the fat pad mass of pPCK-ASGa^ transgenic mice and their control littermates, pooled from male and female mice at 
the ages indicated for the sake of simplicity. Pair-feeding of tne animals did not diminish the obese character of the transgenic mice. Nose-to-anus 
dimensions were not altered in the transgenic as compared to control mice. Adiposity was measured by determining the total white fat cell number 
from coUagenase-digested, isolated epididymal and epoophoronal fat pads of single transgenic mice and paired, littermate controls, by cell counting 
using a hemocytometer. Throughout this work, statistical analysis was performed using the Student*s t test. An asterisk denotes statistical 
significance with p < 0.05 for the difference between the mean values for transgenic (Gaq-deficient) as compared to control mice. 



rine was blunted in the Gaq-deficient adipocytes. Lipolysis in 
response to the j3-adrenergic agonist isoprenaHne was im- 
paired, whereas the response to the a^-adrenergic agonist 
phenylephrine was abolished in the loss-of-function mutant 
cells. These results were unexpected, since neither a direct role 
of Goq in activating adenylyl cyclase nor the existence of a 
prominent aj-adrenergic stimulation of lipolysis have been re- 
ported. Analysis of cyclic AMP accumulation provided direct 
proof linking loss of Ga^ to impaired lipolysis in response to 
/3-adrenergic stimulation (acting via adenylyl cyclase) as well 
as to aj-adrenergic stimulation (acting via PLC). Forskolin (10 
jbtM)-stimulated cyclic AMP accumulation, in contrast, was ac- 
tually elevated in the Gaq-deficient as compared to control 
adipocytes (125 ± 15 and 160 ± 5 pmol/10^ cells, respectively), 
Forskolin (10 /i,M)-stimulated lipolysis was equivalent in trans- 
genic and control mice (14.1 ± 2.9 and 13.9 ± 0.8 ^mol of 
glycerol release/10^ cells, respectively), as were the abundance 



of /3-adrenergic receptors (140 ± 4 and 133 ± 9 fmol/mg of 
protein, respectively) in crude adipocj^e membranes and the 
amounts of cyclic AMP phosphodiesterase activity (1.33 ± 0.02 
and 1.32 ± 0.09 pmol/min/mg of protein, respectively) in ex- 
tracts of whole fat pads. 

In the Goq-deficient cells, the impaired lipolytic response 
stimulated by norepinephrine was sensitive to the strict j3-ad- 
renergic antagonist propranolol, reflecting a residual /3-adre- 
nergic, cyclic AMP-mediated response (Fig. 4A). Adipocytes 
from control mice display sensitivity to both propranolol and 
the a^-adrenergic antagonist prazosin. The former reflects the 
|3-adrenergic response acting via cyclic AMP, while the latter 
reflects this newly discovered a^-adrenergic response first de- 
tected through its loss in the Gaq-deficient cells. Vasopressin (1 
^m), which activates PLC, also stimulated lipolysis in adipo- 
cytes from control mice 1.8-fold over basal. The a^-adrenergic 
stimulation of lipolysis was abolished by prazosin, but not by 
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Fig. 3. Adipocytes from pPCK-ASGa^ transgenic mice display loss-of-function with respect to activation of PLC and Oj-adrenergic 
regulation of lipolysis. White adipocytes were isolated from epididymal and epoophoronal fat of transgenic mice and control littermates by 
collagenase digestion. Accumulation of IP3 {panel A) and DAG (panel B) at 30 s following stimulation by 1 agonist (NOR, norepinephrine; VASO, 
vasopressin; PHEN^ phenylephrine; BRADY, bradykinin) were measured in cells from mice 18-24 weeks of age. Intracellular IP3 accumulation was 
measured by the mass assay employing the rabbit cerebellar IPg-binding protein. DAG was assayed using a DAG kinase assay followed by 
thin-layer chromatographic separation of radiolabeled phosphate generated by the reaction. The DAG mass was calculated from a standard curve 
using authentic DAG. Lipolysis (panel C) and cyclic AMP accumulation (panel D) were measured in cells isolated from transgenic and control mice. 
The cells were challenged with varying concentrations of the mixed a- and ^-adrenergic agonist norepinephrine (NOR), the ^-adrenergic agonist 
isoprenaline (/SO), or the ot-adrenergic agonist phenylephrine (PHEN) for 15 min (cyclic AMP accumulation) or 60 min (lipolysis via glycerol 
release). For cyclic AMP determinations, the assays were terminated at 15 min, and the accumulation of intracellular cychc AMP measured using 
a competitive binding assay with bovine adrenal cyclic AMP binding protein. The data presented are mean values ± S.E. from at least three 
separate experiments, each performed on separate occasions. An asterisk denotes statistical significance with p £ 0.05 for the difference between 
the mean values for transgenic (Gaq-deficient) as compared to control mice. 



propranolol (Fig. 4B). The loss-of-fiinction Ga^j-deficient cells, 
in contrast, have essentially lost the lipolytic response to phen- 
ylephrine stimulation. 



Although Gttq is not known to regulate adenylyl cyclase 
directly, the loss-of-function Gttq mutants displayed impaired 
)3-adrenergic stimulation of cyclic AMP accumulation and lipol- 
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Fig. 4. The pharmacology of the adrenergic lipolytic response 
reveals the existence of an oci-adrenergic stimulatory pathway, 
absent in the Gaq-deficient loss-of-function mutants. White adi- 
pocytes were isolated from transgenic mice and their control littermates 
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Fig. 5. Adipocytes from pPCK-ASGa^ transgenic mice display 
loss of function with respect to activation of protein kinase C 
following challenge with norepinephrine. White adipocytes were 
isolated from epididymal and epoophoronal fat of transgenic mice and 
control littermates by collagenase digestion. The activity of protein 
kinase C was measured in cells from mice 18—24 weeks of age. The cells 
were challenged for 5 min without (Basal) and with 10 of the mixed 
a- and /3-adrenergic agonist norepinephrine (NOR), in the absence or 
presence of 0.1 mw bis-indolylmaleimide (NOR + B/S), a potent protein 
kinase inhibitor. Protein kinase C activity was measured in DEAE- 
cellulose-purified cell homogenates, as described elsewhere (30). The 
data presented are mean values ± S.E. from at least three separate 
experiments, each performed on separate occasions. An asterisk denotes 
statistical significance with p < 0.05 for the difference between the 
mean values for transgenic (Gaq-deficient) as compared to control mice. 

ysis, Gaq, acting via PLC to promote IP3 and DAG accumula- 
tion, may augment the cyclic AMP response indirectly, perhaps 
via effects on calcium- or protein kinase C-sensitive forms of 
adenylyl cyclase (22-25). We tested the role of protein kinase C 
using bis-indolylmaleimide and calphostin C, selective inhibi- 
tors of protein kinase C (Fig. 4C). Both calphostin C (100 nM) 
and bis-indolylmaleimide (1 fxu) abolished the aj-adrenergic 
stimulation of lipolysis, whereas the protein kinase A inhibitor 
KT-5720 (1 /llm) was without effect. At 100 nm, bis-indolylma- 
leimide effectively blocked phenylephrine (10 /jLM)-stimulated 
lipolysis in adipocytes from control mice; glycerol release 
(/xmol/10® cells), in response to this ai-adrenergic agonist, de- 
clined from 4.7 to 1.2 in the absence versus presence of this 
protein kinase 0 inhibitor. The Kj for nonselective inhibition of 
protein kinase A by bis-indolylmaleimide is >2 (26), Since 
the protein kinase A inhibitor KT-5720 itself was without effect, 
nonselective effects of protein kinase C inhibitors, if they indeed 
occmred at these lower concentrations, would be irrelevant. 



for study of the lipolytic response to adrenergic agonists. The lipolytic 
response was measured as described in the legend to Fig. 3. Stimulation 
of lipolysis by either 10 (xm norepinephrine (NOR, panel A) or 10 ^tM 
phenylephrine (PHEN, panels B and C) was analyzed in the absence 
and presence of either the ^-adrenergic antagonist propranolol (PROP, 
10 ^m) or the otj-adrenergic antagonist prazosin (PRAZ, 1 /am). Inhibi- 
tors of protein kinase A (KT, KT5702, 1 ptM) and protein kinase C (BIS, 
bis-indolylmaleimide, 1 /xm; CAL, calphostin C, 100 nM) were examined 
for their ability to block the aj-adrenergic stimulation of lipolysis in 
adipocytes from transgenic mice and their control littermates (panel C). 
The results are mean values ± S.E. from three to five separate exper- 
iments for each. An asterisk denotes statistical significance with p ^ 
0.05 for the differences from mean basal values obtained with adipo- 
cytes isolated from both transgenic (Gaq-deficient) and control mice. 
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Measurement of protein kinase C activity in DEAE-cellulose- 
purified homogenates of cells challenged with and without 
norepinephrine was performed using adipocj^es from the con- 
trol and transgenic mice (Fig. 5). In adipocytes from control 
mice, norepinephrine stimulates protein kinase C activity, an 
action blocked by the addition of bis-indolylmaleimide. Sup- 
pression of Gaq in adipoc3^es of the pPCK-ASGaq mice results 
in a frank reduction in protein kinase C activity in the basal 
state and a loss of norepinephrine-induced activation of protein 
kinase C. Total protein kinase activities for adipocytes from 
control and transgenic mice are equivalent, 310 ± 20 and 315 ± 
18 pmol/min/million cells, respectively. Thus, aj-adrenergic 
control of lipolysis is shown to be mediated via protein kinase 
C, a pathway revealed by its absence in the Gaq-deficient state. 

The absence of Ga^ resulted in increased fat accumulation 
and hyperadiposity, observed within 5 weeks of age and sus- 
tained through adult life. Obesity has been reported in trans- 
genic mice after genetic ablation of brown adipose tissue (27), 
supporting the role of this specialized tissue in preventing 
obesity (28). The pPCK-ASGaq transgene was not expressed in 
brown adipose tissue (not shown). Expression of Ga^, the un- 
coupling protein UCP, and the mRNAs for both were equivalent 
in brown adipose tissue from transgenic and control mice (not 
shown), suggesting no involvement of brown adipose tissue in 
enhanced fat accumulation by the pPCK-ASGaq-expressing mice. 

The absence of Gaq abolished an important stimulatory con- 
trol of lipolysis, apparently predisposing the mice to accumu- 
lation of fat. Recently, G-proteins have been shown to play 
prominent roles in differentiation (2, 3) and neonatal growth 
(4-6). For progression of F9 teratocarcinoma cells to primitive 
endoderm (4) and for development of nerve growth cones (3), 
G-proteins appear to be acting directly or indirectly via protein 
kinase C (10, 29). In the present study we demonstrate the key 
role of PLC and protein kinase C in adipocyte signaling in the 
mature cells. The basis for the hyperadiposity in the cells 
deficient in Ga^, however, remains to be established, but may 
reflect a critical role of Gaq in controlling adipogenic conversion 
in vivo. 
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Many tumor cell lines overexpress DNA methyltrans- 
ferase (MeTase) activity; however it is still unclear 
whether this increase in DNA MeTase activity plays a 
causal role in naturally occurring tumors and cell lines, 
whether it is critical for the maintenance of transformed 
phenotypes, and whether inhibition of the DNA MeTase in 
tiunor cells can reverse transformation. To address these 
basic questions, we transfected a murine adrenocortical 
tumor cell line Yl with a chimeric construct expressing 
600 base pairs from the 5' of the DNA MeTase cDNA in the 
antisense orientation. The antisense transfectants show 
DNA demethylation, distinct morphological alterations, 
are inhibited in their ability to grow in an anchorage- 
independent manner, and exhibit decreased tumorigenic- 
ity in syngeneic mice. Ex vivo^ cells expressing the anti- 
sense construct show increased serum requirements, de- 
creased rate of growth, and induction of an apoptotic 
death program upon serum deprivation. 5-Azadeoxycyti- 
dine-treated cells exhibit a similar dose-dependent rever- 
sal of the transformed phenotype. These results support 
the hypothesis that the DNA MeTase is actively involved 
in oncogenic transformation. 



Vertebrate DNA is methylated at the 5-position of the cyto- 
sine residues in the dinucleotide sequence CpG (1, 2). Twenty 
percent of the CpG sites are nonmethylated, and these sites are 
distributed in a nonrandom manner to generate a pattern of 
methylation that is site-, tissue-, and gene-specific (1-3). Meth- 
ylation patterns are formed during development: establish- 
ment and maintenance of the appropriate pattern of methyla- 
tion is critical for development (4) and for deiining the 
differentiation state of a cell (5-7). The pattern of methylation 
is maintained by the DNA MeTase^ at the time of replication 
(8), and the level of DNA MeTase activity and gene expression 
is regulated with the growth state of different primary (8) and 
immortal cell lines (9). This regulated expression of DNA 
MeTase has been suggested to be critical for preserving the 
pattern of methylation (8-10). 

An activity that has a widespread impact on the genome such 
as DNA MeTase is a good candidate to play a critical role in 
cellular transformation. This hypothesis is supported by many 
lines of evidence that have demonstrated aberrations in the 
pattern of methylation in transformed cells. While many re- 
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ports show hypomethylation of total genomic DNA (11) as well 
as individual genes in cancer cells (12), other reports have 
indicated that hypermethylation is an important characteristic 
of cancer cells (13). First, large regions of the genome such as 
CpG-rich islands (14) or regions in chromosomes 17p and 3p 
that are reduced to homozygosity in lung and colon cancer, 
respectively, are consistently hypermethylated (15, 16). Sec- 
ond, the 5' region of the retinoblastoma (Rb) and Wilms Tumor 
(WT) genes are methylated in a subset of tumors, and it has 
been suggested that inactivation of these genes in the respec- 
tive tumors resulted from methylation rather than a mutation 
(17). Third, the short arm of chromosome 11 is regionally hy- 
permethylated in certain neoplastic cells (15). Several tumor 
suppressor genes are thought to be clustered in that area (18). 
If the level of DNA MeTase activity is critical for maintaining 
the pattern of methylation as has been suggested before (8-10), 
one possible explanation for this observed hypermethylation is 
the fact that DNA MeTase is dramatically induced in many 
tumor cells well beyond the change in the rate of DNA synthe- 
sis (13, 19). The observation that the DNA MeTase promoter 
bears AP-1 sites (20) and is activated by the Ras-AP-l signaling 
pathway (21) is consistent with the hypothesis that elevation of 
DNA MeTase activity is an effect of activation of the Ras-Jun 
signaling pathway (22). 

It has recently been demonstrated that forced expression of 
exogenous DNA MeTase cDNA causes transformation of NIH 
3T3 cells supporting the hypothesis that overexpression of 
DNA MeTase can cause cellular transformation (23). The crit- 
ical question that remains to be answered is whether indeed 
the level of expression of the endogenous DNA MeTase plays a 
causal role in tumors that are induced by naturally occurring 
oncogenic signal transduction pathways. To address this ques- 
tion, we have chosen the adrenocortical carcinoma cell line Yl 
as a model system. Yl is a cell line that is derived from a 
naturally occurring adrenocortical tumor in LAFl mice (24). Yl 
cells bear a 30-40-fold amplification of the ras proto-oncogene 
(25). If the level of expression of DNA MeTase activity is critical 
for the oncogenic state, then the transformed state of a cell 
should be reversed by partial inhibition of DNA methylation. 
We have previously demonstrated that forced expression of an 
"antisense" mRNA to the most 5' 600 bp of the DNA MeTase 
message (pZoM) can induce limited DNA demethylation in 
lOTl/2 cells (7). To directly test the hypothesis that the tumor- 
igenicity of Yl cells is controlled by the DNA MeTase, we 
transfected either pZaM or a pZEM control into Yl cells. We 
demonstrate that inhibition of DNA MeTase activity causes 
demethylation of Yl DNA and results in reversal of the tumor- 
igenic phenotype suggesting that DNA MeTase plays a critical 
role in tumorigenesis. 

MATERIALS A>fD METHODS 

Cell Culture and DNA-mediated Gene Transfer — Yl cells were main- 
tained as monolayers in F-10 medium which was supplemented with 
7.25% heat-inactivated horse serum and 2.5% beat-inactivated fetal 



8037 



f 



DenietJiyiaUon Inhibits Tu morigencsis 



8038 

cnlfsoruni (Immiinocorp, MoiUronlH23K 5-azaCdR was from Sigma, all 
other media and reagents for ccU cuiture wore ohtainiHl from Life 
Tochnoloffies, Inc. Y.1 cells (1 X 10*') were plaicd on a 150-nim dish 
(Nunc) 15 h heforti trariiifect itai. The pZcrM tixpreSEiion vector * 7) encod- 
ing the o' of the munne DNA inothyltraniifcraiiiG cDNA (lO fip was 
co-intro(Uiccd into Yl cells witli 1 jug of pUCSVneo as a selectable 
marker by DNA-mediated gen^ li'ansfer using the calcium phoHphiite 
protocol, and 04lS-rtiaistanr eel Is were cloned in selective mcidiurn (0.25 
mg/ml 041$) (26). Anchorage-independent growth in tiofi agar {I x 10'^ 
cells) way as dcscribod previously (27). 

ON A and RNA /V/ifi/y.*fes~Genoinic DNA was prepared from pelleted 
nuclei, and total cellular RNA was prepared from cstosolic fractions 
according to standard protocols (26), Mspl or Npall restriction enzymes 
(Boehringer Mannheim) were added to DNA at a concentration of 2.5 
units/M^t^ for 8 h at -M °C. At least three diiTerent DNA prejjarations 
isolated from three independent pa.ssages were assayed per transfec- 
tiuit. To quantify the relative abundance of DNA MeTase mRNA. total 
RNA (3 /xg) was blotted onto llyhond N ' using the Bio- Had slot-blot 
apparatus. The filtor-boand RKA was hybridized to a '''■^P- labeled 
1.31-kb cDNA probe encoding the putative catalytic domain of the 
moujjc DNA MoTase (3170-4480) (2B) r^nd exposed to XAR film 
(Kodak). The relative amount of total RNA was determined by measur- 
ing the isignal obtained after hybridi:^ation to an 18 S RNA-specinc 
^^•^V^ -labeled oligonucleotide (29). The autoradiograms were scanned 
wit.h a Scanalytics scanner (one-dimensional analysis), and the signal 
at each band was determined and normalised to the amount of total 
RNA at tlie same point. Three determinations were performed per RNA 
sample. 

NearcHi Nuighbor Analysis — Two fig of DNA were incubated at 37 
for 15 min with 0.1 unitof DNase. 2.5'^1 of f«-**''PidGTP(3000 Ct^mniol 
from Amersham), 2 Kornberg units of DNA polymerase (BoehrinyerJ 
were then added, and the reaction was incubated for an additional 25 
min at 30 "^C. Fifty ^1 of water were then added to the reaction mixture, 
and the nonincorporated nucleotides were removed by spinning through 
a Microspin S-300 HR column (Pharmacia). The labeled DNA (20 pJ) 
was digested with 70 /xg of micrococcal nuclease (Pharmacia) in the 
manufacturer's recommended buffer for .10 h at 37 %). Equal amoimts of 
radioactivity were ioade<l on T!,;C phosphocellulose plates (Merck), and 
the 3' mononucleotides were separated by chromatography in one di- 
mension (isobutyric acid:H,^0:NfrjOfl in the ratio 66:33:1). The chro- 
niaiogiams were exposed to XAR film (£astman-Kodak), and the auto- 
radiograms were scanned by scanning laser densitometry (Scanalytics 
one-dimensional analysis). Spots corres]>0]uiiiig to cytosine and 5-meth' 
ylcytosine were quantified, 

Msay of DNA Mx^Tasa Acit tnty — To dt^termine nuclear DNA MeTase 
levels, cells wci'o maintained at a nonconfluent state and fed with fresh 
medium every 24 h for at least 3 days prior to han'enling, and DNA 
MeTase activity was assayed as described previously (9). 

StratuUipecific Hevcnie'transcnhed FCR~~Toia] KNA (1 Mg) PJ'C- 
pared from each transfectant wa» reverse- transcribed with either a 
sense primer corresponding to bases 1-30 in the published mouse DNA 
MeTase cDNA sequence (28), 5' OCAAACAGAAATAAAiVXGCCACnT- 
GTGTOA 3' to detect antisense KNA or an antisense pj'imer corre- 
.sponding to bases 475-451. or 5' CGACAGCAGCTGCAGCACCACTCT 
3' to detect sense DNA MeTase RNA iising the conditions described 
id)ove. RNA incubated with reverse transcriptase in the absence of 
primers was used as a control. Tlio reaction was terminated by heating 
to 95 ^0 fbi* 1,0 min. The reverse* transcribed cDNA v^as subjected to 
amplification in the presence of both primers using the Hot Tub ampli- 
Hcjition pi otocol conditions descrilKid above. The DNA was ampHfied for 
40 cycles of 2 min at 95 X, 2 min at 60 ^C, and 0.5 min at 72 X. The 
reaction products were .'separated on an agarose gel, Southend blotted 
onto Hybond N" filter, and hybridised with a '''■^P- labeled internal 
oligonucleotide corresponding to bases 190-2 U: 5' /VV.ArGGCAGACT- 
CAAATAGAT 3'. The conditions used (40 cycles of ampuncation) do not 
provide a quantitative assessment of the level of mRNA. but were used 
to exclude the possibility that small levels of antisense mRNA is present 
in the control transfectants. 

Tumori<f<mkity Ai^says — LAP-1 mice ^Bar Harbor) (6-S-weck-old 
males) were injected subcutaneously (in the Hank area) with 10*' cells. 
Mice were nioni tared for the presence of tumors by daily palpation. Mice 
bearing tumors of greater than 1 cm in diameter were sacrificed, while 
tumor-free mice were kept for 90 days. 

Electron Microscopy — Cells were fixed in glutaraldehyde (2.5'.r) in 
cacodylate bufter (0.1 M) for 1 h and further fixed in IC; osmium 
tetroxide. The samples were dehydrated in ascending alcohol concen- 
trations and propylene oxide followed by embedding in £pon. Semi thin 
sections (1 p.m) were cut from blocks with an ultra microtome and 
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Fig. T Kxprcssion of pZuM in Yl adrenocortieal colls. To deter- 
mine the strtuid specificity of ibo RNA transcribed by the pZaM vector, 
we entployed a reverse transcriptase-PCR analysis using a sense-spe- 
eific primei- Uanis lahdvd SENSE), an tmtisense-specific primer ilaui^n 
lahided a'SEN$E\ or no primers t/o/tc.v lahaled NO RTk Total RNA ( 1 
^gj was reverse-transcribed vv*ith either a sense-sped fic primer, an 
tt-sense-specific primer, or no primers. Resulting cDNA was then sub- 
jected to FOR with the complementary oligonucleotide* (sense or 
o-sense) as described under "Materials and Methods/' one-tenth of the 
PGR reaction was Sou ther n- blotted and hybridized with a '^"P-labeled 
oligonucleotide encoding a sequence included lo the amplified mRNA 
region (see "Materials and Method.s" for description of the sequences of 
the primers J. Sense DNA MeT'ase (SENSE) is ob.served in both pZ.^M 
and control pZEM t ransfcotants as expected (475'bp product). An anti- 
sense transcript is seen only in pZtrM transfectants. An unexpected 
additional jsense amplification product of 375 bp is seen in all the pZaM 
transfectants. 

countei*stained with iiranyi acetate and lead citrate. Samples were 
a n a I y d u s i n g a 1 ' h i I i p s 4 10 el e c t rc n m i q yobco pe ^ 3 0 ). 

RESULTS 

Expression of Antisense to the DNA MathyltrcuififeraHe niRNA 
in Yl Cells Results in Limited InhihUion of DNA M e thy 1x1- 
lion— To directly inhibit DNA methylation in Yl ceils, wo in- 
troduced either the DNA MeTase antisense expression con^ 
strtLct pZcvM (encoding 600 bp from the 5' of the DNA MeTase 
cDNA in the antisense orientation) or a pZEM control vector (1) 
into Yl cells by DNA- mediated gene tratisfer as dest:ribed 
under ''Materials and Methods,*' Six Gi418-resistant, colonies 
were isolated and propagated for both constrticts. All antisense 
transfectants (detemined by a preliminary Sottthern blot anal- 
ysis) exhibited distinct morphological differences from the 
pZEM' transfectants or non trans fee ted Yl cells. Based on 
Northern blot analysis of the antisense mRNA expression, 
three independent pZaM transfectants (4, 7, 9) were selected 
for further characterization. 

To verify that the antisense mRNA strand is transcribed in 
the pZo'M transfectants, we employed reverse-transcribed PGR 
analysis using strand-specific primers as described under "Ma~ 
te rials and Methods.'' The experiment presented in Fig. 1 dem- 
onstrates that when the sense oligonucleotide is used for re- 
verse transcription (transcribing the antisense mKNA strand), 
the expected 0.475- kb ampiification product is observed only in 
pZaM transfectants. As expected, the endogenous DNA 
MeTase sense mRNA is amplified in both pZEM and pZ«M 
transfectants when the antisense ohgonucleoude is used for 
reverse transcription (sense). Interestingly, a smaller amplifi- 
cation product (0,375 kb) is also seen in the pZoiM lines sug- 
gesting that another S))lice variant of DNA MeTase mRNA is 
transcribed in these transfectants. The biological significance 
0 f the i n d ucti o n of th e s m a 1 1 e r variant i n th e pZaM tra n sfec- 
tants is unclear. 

The mechanism responsible for inhibition of gene expression 
by antisense is still intclear; however, some models suggest 
that degradation of the hybrid KNA by RNase M might be 
involved, To determine whether expression of an antisense to 
the DNA M.eTase can lead to a reduction in the steady state 
level of endogenous DNA MeTase mRNA, we isolated total 
RNA from the antisense transfectants and the pZEM controls. 
DNA MeTase activity is regulated with the state of growth of 
cells (8, 9); theretbre, all cttltures were maintained at the log- 
arithmic phase of growth and fed with fresh medium every 24 
h for 3 days prior to harvesting. Total KNA isolated from the 
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Fio. 2. DNA MeTase expression, activity, and genomic methyl- 
ation levels of pZaM transfcctants. Total cellular RNA (10 fig) 
prepared from pZaM lines {4, 6, 7, and .9), pXEM transfcctants (/ and 7) 
and from Yl controls was subjected to Northern blot analysis and 
hybridization with a 1.3-kb DNA MeTase 3'-cDNA probe (encoding 
bases 3170-4480 from the cloned mouse cDNA (27)). The filter was 
stripped and rehybridized with an 18 S rRNA probe. Relative MeTase 
expression w^as determined by densitometric analysis (see text). 

transfectants was subjected to a Northern blot analysis and 
sequentially hybridized with a probe to the putative catalytic 
domain of the mouse DNA MeTase mRNA (MET 3 ' ) and an 18 
S rRNA-specific ^*-P-labeled oligonucleotide probe as described 
under "Materials and Methods.*' A result of such an analysis is 
presented in Fig. 2. Scanning of the autoradiogram indicates 
that the relative abundance of the 5-kb DNA MeTase mRNA 
(Fig. 2, tap panel) relative to 18 S rRNA (Fig. 2, bottom panel) 
is reduced 2-fold in the three an ti sense transfectants. To quan- 
tify expression of DNA MeTase, the different RNA samples 
wei*e subjected to a slot-blot analysis and sequential hybridiza- 
tion with the DNA MeTase and 18 S rRNA probes. The relative 
level of DNA MeTase mRNA in the different samples was 
determined by scanning densitometry. The results of such an 
analysis show that the pZaM transfectants exhibit an average 
decrease of 45% and a maximal decrease of 58% in the abun- 
dance of DNA MeTase mRNA relative to the pZEM controls ip 
< 0.001). The mean value for the control group was 0.480,. S.D. 
= 0.104, the mean for the antisensc group was 0.280, S.D. - 
0.066. 

We next compared the DNA MeTase enzymatic activity pres- 
ent in nuclear extracts prepared from antisense transfectants 
relative to control pZEM transfectants using S-lmef Ay/-^Hlade- 
nosyl-L-methionine as the methyl donor and a hemimethylated 
double-stranded oligonucleotide as a substrate. The results of 
two experiments with triplicate determinations each indicate 
that the three pZaM transfectants express a lower level of DNA 
MeTase activity than the control transfectants with an average 
inhibition of DNA MeTase activity of 42% and a maximum of 
48% relative to control ip < 0.05). 

Whereas our experiments demonstrate that the DNA 
MeTase antisense transfectants bear a lower level of DNA 
MeTase activity than the control transfectants, it is important 
to note that we measured only steady state levels in the trans- 
fectants. It is hard to assess the actual level of inhibition of 
DNA MeTase activity at the time of transfection, when a higher 
copy number of DNA MeTase antisense RNA might have been 
present in the cell. The steady state level of DNA MeTase 
mRNA might reflect an equilibrium of different cellular regu- 
latory controls over the level of DNA MeTase activity in the 
cell. To directly demonstrate that expression of the DNA 
MeTase antisense leads to inhibition of DNA methylation ac- 
tivity in the cell, we determined whether it leads to a general 
reduction in the level of methylation of the genome. We per- 
formed a "nearest neighbor"* analysis using l.a-^^PJdGTP as 
described previously (6). This assay enables one to determine 
the percentage of methylated and nonmethylated cytosines 
residing in the dinucleotide sequence CpG (6). The results of 
three such experiments show that the mean value for the 
pZEM controls as a group was 9.7% nonmethylated cytosines, 
S.D. = 2.13, the mean value for the antisense lines as a gi*oup 



was 23.83% cytosine, S.D. = 5.88. p < O.OOi. 

In summary, our experiments demonstrate that expression 
of an antisense to the DNA MeTase mRNA leads to partial 
inhibition of DNA MeTase mRNA and DNA MeTase enzymatic 
activities and a significant reduction in the level of genomic 
cytosine methylation. 

Dc me thy lotion of Specific Genes in Yl and pZaM Transfec- 
tatUs — To further verify that expression of pZcuM results in 
de methylation and to determine whether specific genes were 
demethylated, we resoiled to a Hpail/Mspl restriction enzyme 
analysis followed by Southern blotting and hybridization with 
specific gene probes. Hpall cleaves the sequence CCGG, a 
subset of the CpG dinucleotide sequences, only when the site is 
unmethylated, while Mspl will cleave the same sequence in e- 
spective of its state of methylation. By comparing the pattern of 
Hpall cleavage of specific genes in cells expressing pZaM with 
that of the parental Yl or cells harboring only the vector, we 
determined whether the genes are demethylated in the anti- 
sense transfectants. We first analyzed the state of methylation 
of the steroid 21-hydroxylase gene (C21) (29, 31). This gene is 
specifically expressed and hypomethylated in the adrenal cor- 
tex, but is inactivated and hypermethylated in Yl cells (29, 31). 
We have previously suggested that hypermethylation of C2I in 
the Yl cell is part of the transformation program that includes 
the shutdown of certain differentiated functions (29). DNA 
prepared from Yl, pZaM (4, 7, 9), and pZEM (1 and 7) trans- 
fectants was subjected to either M^yA or Hpall digestion, 
Southern blot analysis, and hybridization with a 3.8-kb BamHl 
fragment containing the body of the 021 gene and 3' sequences 
(Fig. 3, bottom panel, for physical map). Full de methylation of 
this region should yneld a doublet at ---l kb. an 0.8-kb fragment, 
and a 0.4-kb fragment, as well as a number of low molecular 
weight fragments at 0.1-0,4 kb. As observed in Fig. 3, the 021 
locus is heavily methylated in Yl cells, as well as the control 
transfectant, as indicated by the high molecular weight frag- 
ments. Only a relatively weak digestion product is seen at 1,9 
kb (Fig. 3). This pattern of hypermethylation of 021 which is 
observed in Yl cells and diflerent control transfectants, that 
were analyzed in our laboratory in the last 5 years, is markedly 
stable. On the other hand, the antisense transfectant's DNA is 
significantly hypomethylated at this locus as indicated by the 
relative diminution of the high molecular weight fragments 
and relative intensification of the partial fragment at 1.9 kb. 
The appearance of new partial fragirients in the lower molecu- 
lar weight range between 1 and 0.4 kb indicates partial hypo- 
methylation at a large number of /-/pall sites contained in the 
3' region of the 021 gene (see physical map) (29, 31). The 
pattern of demethylation, indicated by the large number of 
partial Hpall fragments, is compatible with a general partial 
hypomethylation rather than a specific loss of methylation in a 
distinct region of the 021 gene. 

To determine whether demethylation is limited to genes that 
are potentially expressible in Yl cells such as the adrenal 
cortex-specific 021 gene (29) or if the demethylation is widely 
spread in the genome, we tested the methylation state of the 
MyoD (32) and p53 5' locus. Specific demethylation of MyoD 
and the p53 fragment was seen in the pZrvM transfectants 
(data not shown). 

Morphological Transformation !^.ss of Anchorage-independent 
Growth and Inhibition of Tumor igenicity of Yl Cells Expresdng 
Antisense to the DNA Me7hse~As the level of DNA MeTase 
activity is regulated wnth the state of growth and is induced in 
transformed cells and in tumors in vivo (8, 9, 13, 19). we deter- 
mined whether expression of the DNA MeTase antisense con- 
stmct results in a change in the tumorigenic potential of Yl cells. 
A compai-ison of pZaM transfectants and controls showed a small 
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Fig, 3. The pattern of methylation of C21 hydroxylase in pZctM transfectants and pZEM controls. Genomic DNA (10 /xg) was extracted 
from the transfccted lines and subjected to digestion with either Mspl (M) or Hpall (H), Southern blot transfer, and hybridization with a 
^^P-labeled DNA probe C3.8-kb genomic fragment of the C21 gene, see bottom panel for physical map). The opm arrow^i indicate HpaU fragments 
resulting from demethylation of the different sites in the C21 gene in pZaM transfectants. Complete digestion of the region will yield 0.36- and 
0.16-kb fragments. 



but statistically significant reduction in the growth rate of anti- 
sense lines relative to the Yl controls especially at higher densi- 
ties (which is statistically significant, p < 0.001). This may reflect 
contact-inhibited growth and increased serum requirements of 
the antisense lines (data not shown). The morphological proper- 
ties of the pZofM transfectants further support this conclusion 
(Fig. 4). While control Yl and pZEM cells exhibit Hmited contact 
inhibition and form multilayer foci, pZaM transfectants exhibit a 
more rounded and distinct morphology and grow exclusively in 
monolayers, and, in many cases, pZaM cells form distinct cellular 
processes (Fig. 4). 

The ability of cells to grow in an anchorage-independent 
fashion is considered to be an indicator of tumongenicity (27). 
A soft agar assay performed in triplicate showed that the pZaM 
transfectants demonstrate a significant decrease in their abil- 
ity to form colonies in soft agar: pZEM 1 and 7 form an average 
of 38 and 37 colonies, respectively, while pZaM transfectants 4, 
7, and 9 formed an average of 12, 15, and 18 colonies, respec- 
tively. Moreover, the colonies that do form are significantly 
smaller and contain fewer cells. 

Another indicator of the state of transformation of a cell is its 




pZaM 4 



pZaM 7 



pZaM 9 




Fro. 4. Morphological transformation of Yl cells transfected 
with pZaM. Phase contrast microscopy at X 200 magnification of living 
cultures of Yl clonal transfectants with pZtrM and pZEM controls. 
Equal numbers of cells were plated (1 x 10^ cells per well in a six-well 
dish); and pictures were Uiken 72 h after seeding. 



serum dependence. Tumor cells exhibit limited dependence on 
serum and are usually capable of serum -independent gi-owth 
(33). Factors present in the serum are essential for the survival 
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Fig. 5. Survival and apoptosis of pZEM transfectants in se- 
rum-deprived medium. A, the indicated transfectants were plated in 
1% serum-containing medium and har\'ested after 1 and 2 days. Total 
cellular DNA was isoJated, separated by agarose gel electrophoresis, 
transferred to nitrocellulose membrane, and probed with ^'"''P- labeled Yl 
genomic DNA. A 180-bp internucleosomal ladder characteristic to cells 
dying via apoptosis can be seen in the pZaM transfectants only. B, Yl 
transfectants were grown in 1% serum medium for 24 h, fixed, and 
analyzed by electron microscopy for early signs ofapoptottc death; /-/// 
are various sections (the magnification is indicated) of Yl pZaM trans- 
fectants and pZEM control lines. 

of many nontumori genie cells. As observation of the pZoM 
transfectants indicated that they expressed enhanced depend- 
ence on serum and limited survivability under serum-deprived 
conditions, we determined whether this limited survivability 
involved an enhancement or induction of an apoptotic program. 
While the control cells exhibited almost 100% viability up to 72 
h after transfer into serum-deprived medium, all pZaM trans- 
fectants showed up to 75% loss of viability at 48 h. 

To test whether the serum-deprived pZaM cells were dying 
as a result of an activated apoptotic death program, cells were 
plated in starvation medium and har\'ested at 24-h intervals, 
and total cellular DNA was isolated from the cells and analyzed 
by agarose gel electrophoresis. Afler 48 h in serum-starved 
conditions, pZaM transfectants exhibit the characteristic 
180-bp internucleosomal DNA ladder while the control pZEM 
transfectants show no apoptosis at this time point (Fig. 5A). 
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Fia. 6. In vivo tumorigenicity of pZaM transfectants. A, paren- 
tal Yl cells, a pZEM control line, and three pZmM iransfectanis (-J, 7, 
and 9) were tested for their ability to form tumors in syngeneic KAF-1 
mice. Tumor formation was assessed by palpation for 2 months after 
injection. The number of mice forming tumors is tabulated. The siatis-. 
tical significance of the difference between the control and antisensc 
transfectants was determined using a test; p > 0.001. * indicates that 
these tumors were negative for pZntM expression, /i, loss of antiscaso 
DNA MeTase expression in t,umors derived from antisense transfec- 
tants. RNA (10 /xg) isolated from the indicated tumors was subjected to 
Northern blot analysis and hybridization with the 0.6-kb MET cONA 
probe. Expression of the 1.3-kb antisense message is seen only in the 
original cell lines pZaM {4, 7, and .9) and is undetectable in tumors 
arising from pZctM transfectants or Yl cell lines even after long expo- 
sure. The filter was stripped of radioactivity and rehybridizcd with a 
'^'•^P-laboled oligonucleotide corresponding to 18 S rKNA (28). 



To determine whether cells expressing antisense to the DNA 
MeTase exhibit early morphological markers of apoptosis, cells 
were serum-starved for 24 h, harvested, and analyzed by elec- 
tron microscopy. Fig. 5B shows representative electron micro- 
graphs of several blocks of control pZEM and pZarM transfec- 
tants at various magnifications {I-Ill). The control cells have a 
fine unifotTii nuclear membrane whereas the pZaM cells ex- 
hibit the cardinal markers of apoptosis (34): condensation of 
chromatin and its margination at the nuclear periphery {panels 
I and //), chromatin condensation {panel ID, nuclear fragmen- 
tation (panel III), formation of apoptotic bodies, and cellular 
fragmentation. Whereas it is still unclear whether apoptosis 
upon serum deprivation is directly enhanced by demethylation 
or is an indirect effect of the change in the transformed state of 
the transfectants, the serum deprivation-induced cell death is 
another indicator of the reversal of cellular transformation by 
DNA MeTase antisense. 

To determine whether demethylation can result in inhibition 
of tumorigenesi§ in vim, we injected IX 10^ cells for each of the 
Yl, pZEM, and pZorM (4, 7. and 9) transfectants subcutane- 
ously into the syngeneic mouse strain LAF-1. The presence of 
tumors was determined by palpation. While all the animals 
injected with Yl or pZEM cells formed tumoj-s, animals injected 
with the pZaM transfectants had very few tumors arise (Fig. 
6A; p > 0.005). 

One possible explanation for the fact that a small number of 
tumors did form in animals injected with the pZtrM transfec- 
tants is that they are derived from revertants that lost expres- 
sion of the antisense to the DNA MeTase under the selective 
pressure in vivo, RNA was isolated from tumors arising from 
the pZaM transfectants, and the level of expression of the 
0.6-kb antisense message was compared with the transfectant 
lines in vitro (Fig. 6B). The expression of the antisense message 
is virtually nonexistent in the tumors derived from pZaM 
transfectants even after long exposure of the Northern blots, 
supporting the hypothesis that expression of an antisense mes- 
sage to the DNA MeTase is incompatible with tumor growth 
in vivo. 

DNA DemetAylation Induced by 5-AzaCdR Results in Rever- 
sal of Cellular Transformation ex Vivo — To further verify that 
inhibition of DNA methylation results in reversal of cellular 
transformation and to exclude the possibility that the effects 
observed are nonspecific results of antisense expression we 
used an inhibitor of DNA methylation 5-azadeoxycytidine (5- 
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Fio. 7, Morphological change in Yl cells treated with 5-aza- 
CdR. Yl cells were treated with concentrations of 5-azaCdR ran^ng 
from 0-10 /xM every 12 h for 72 h. Phase contrast microscopy at X 200 
magnification of living cultures of the treated cells is presented. 

azaCdR) that acts at a different site than antisense RNA (35), 
5-azaCdR is a deoxycytidine analogue that inhibits DNA meth- 
ylation once it is incorporated into DNA. It has been suggested 
that an irreversible complex is formed between the DNA 
MeTase enzyme and the C-6 position of the cytosine moiety 
(36). We treated Yl cells with concentrations of 5-azaCdR rang- 
ing from 0 to 10 every 12 h for 72 h. 5-azaCdR increases the 
proportion of cytosine to methykytosine in the DN A by 1.6-foid 
in a dose-dependent manner (0-5.0 ^m) as determined by a 
nearest neighbor analysis. Over the same concentration range, 
cell viability in low serum is reduced from 80% to -40%, and 
the ability of cells to form colonies in soft agar is reduced by 
—50-fold. No differences were seen in the ability of cells to form 
colonies on regular plastic dishes. The 5-azaCdR-treated cells 
exhibited dose-dependent morphological changes similar to 
those obsei-ved in the pZaM transfectants (Fig. 7). This exper- 
iment suggests that 5-azaCdR treatment reversed the trans- 
formed phenotype of Yl cells but did not affect their \nabiHty. 

DISCUSSION 

This paper tests the hypothesis that overexpression of the 
DNA MeTase plays a causal role in cellular transformation by 
expressing an antisense message to the DNA MeTase in an 
adrenocortical carcinoma cell line. Expression of an antisense 
DNA MeTase (Fig. 1) leads to: (i) a limited reduction in DNA 
MeTase steady state mRNA and protein levels (Fig. 2), (ii) a 
general but limited reduction in the metbylation content of the 
genome (Fig. 2), (iii) demethylation of regions aberrantly meth- 
ylated in this cell line such as the adrenal specific 21 -hydrox- 
ylase gene (Fig. 3), (iv) morphological changes indicative of 
inhibition of the transformed phenotype, (v) inhibition of an- 
chorage-independent gi'owth as determined by soft agar as- 
says, (vi) inhibition of serum-independent survivability and 
induction of apoptosis under serum -deprived conditions, as 
well as (vii) inhibition of tumorigenesis in syngeneic mice (Fig. 
6) and (viii) inhibition of DNA metbylation by 5-azaCdR, which 
acts at a site completely different from antisense to the DNA 
MeTase, also results in reversal of transformation indicators ex 
vivo. The fact that a 2-fold inhibition in DNA MeTase expres- 
sion is sufiicient to induce such profound changes in the state 
of transformation of Yl cells is in accordance with previously 
published data showing that a 2-3-fold elevation in DNA 
MeTase activity by forced expression of an exogenous DNA 



MeTase in NIH 3T3 can induce cellular transformation of these 
cells (23), \\'hereas antisense expression is considered one of 
the- most direct means to inhibit gene expression, no experi- 
mental method is devoid of potential complications. 5-azaCdR, 
which is the most commonly used DNA metbylation inhibitor, 
has side effects (36, 37). However, the fact that both inhibitors 
had similar effects strongly validates our conclusions. The fact 
that D-azaCdR inhibited transformation indicators but not the 
survival of the cells and their ability to form colonies, and the 
fact that the reversal of transfonned phenotype was expressed 
weeks after the inhibitor had been removed is consistent with 
the model that 5-azaCdR triggered a change in the cellular 
program rather than a cytotoxic or cytostatic effect. It stands to 
reason that this change in program was triggered by the initial 
demethylation event caused by the drug. 

Our expenments support a previously proposed hypothesis 
that overexpression of DNA MeTase is an important compo- 
nent of an oncogenic pathwayCs) (22). Since Yl is a line derived 
from a naturally occurring tumor (24) which bears amplified 
copies of Ras (25), it is possible that hyperactivation of the DNA 
MeTase is triggered by the Ras-Jun signaling pathway (21, 22). 
The DNA MeTase promoter bears a number of AP-1 sites (20), 
and we demonstrated that the activity of the DNA MeTase 
promoter is dependent on binding of AP-1 (21) and that down- 
regulation of the the Ras-Jun pathway in Yl cells results in 
inhibition of DNA MeTase activity, hypomethylation, and re- 
versal of the transformed phenotype/'^ Our data might explain 
previous observations demonstrating an increase in DNA 
MeTase activity (13, 19) in cancer cells by suggesting that this 
increase is critical for the transformed state. 

What is the possible mechanism by which hypermethylation 
can cause cellular transformation? The answer to this question 
is still elusive and could not be resolved by the data presented 
in this paper; however, several hypotheses have been previ- 
ously suggested. One plausible explanation that has been pre- 
viously suggested by Baylin and his colleagues (38) is that 
metbylation may establish abnormalities of chromatin organi- 
zation which in turn mediate the progressive losses of gene 
expression associated with tumor development. One interest- 
ing class of genes that might be affected are the tumor sup- 
pressor genes. There is evidence that ectopic inactivation of 
tumor suppressor genes by metbylation contributes to cancer 
(39, 40). The promoter region of the RB-1 gene was found to be 
methylated in 6 of 77 retinoblastomas (17), and the 5' region of 
the WT-1 gene was methylated in 2 out of 29 Wilms tumors 
(40), while the gene methylated was otherwise grossly normal. 
However, there is no evidence that tumor suppressor genes are 
the critical targets for hypermethylation in cancer cells or that 
tumor suppressor genes are selectively demethylated in the 
DNA MeTase antisense transfectants. Also, our unpubhshed 
data do not suggest any induction in the level of expression of 
these genes in the pZaM transfectants. 

Another interesting mechanism that has been suggested by 
Jones and his colleagues is that methylated CpGs are hot spots 
for mutations by deamination of the methylated cytosine into 
thymidine (41), This kind of change induced by metbylation 
will not be reversible, the fact that we could reverse transfor- 
mation by inhibiting DNA MeTase suggests that other mech- 
anisms must be involved. While inhibition of gene expression 
by metbylation is the best analyzed function of DNA metbyla- 
tion, one should bear in mind that any function of the genome 
might be modified by metbylation. Sites that are especially 
sensitive to changes in metbylation might be controlling DNA 
functions such as repair, replication, and susceptibility to 
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death program-related endonucleases. 

One question that remains to be answered is how to explain 
the contradiction between the fact that DNA MeTase is over- 
expressed in cancer cells and the observed regional hypometh- 
ylation of the genome of many cancer cells (11, 12). However, 
there are no data at this stage to resolve this apparent contra- 
diction. While additional experiments will be required to ad- 
dress these questions, this paper demonstrates that inhibition 
of DNA methylation leads to a reversal of the transformed state 
and that DNA methylation plays a critical role in cellular 
transformation. 
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ABSTRACT This paper tests the hypothesis that cytosine 
DNA methyltransferase (DNA MeTase) is a candidate target 
for anticancer therapy. Several observations have suggested 
recently that hyperactivation of DNA MeTase plays a critical 
role in initiation and progression of cancer and that its 
up-regulation is a component of the Ras oncogenic signaling 
pathway. We show that a phosphorothioate-modified, anti- 
sense oligodeoxynucleotide directed against the DNA MeTase 
mRNA reduces the level of DNA MeTase mRNA, inhibits DNA 
MeTase activity, and inhibits anchorage independent growth 
of Yl adrenocortical carcinoma cells ex vivo in a dose- 
dependent manner. Injection of DNA MeTase antisense oli- 
godeoxynucleotides i.p. inhibits the growth of Yl tumors in 
syngeneic LAFl mice, reduces the level of DNA MeTase, and 
induces demethylation of the adrenocortical-specific gene C21 
and its expression in tumors in vivo. These results support the 
hypothesis that an increase in DNA MeTase activity is critical 
for tumorigenesis and is reversible by pharmacological inhi- 
bition of DNA MeTase. 



Modification of DNA by methylation is now recognized as an 
important mechanism of epigenetic regulation of genomic func- 
tions (1-3). Methylation of DNA is a postreplication event 
catalyzed by the DNA methyltransferase (DNA MeTase) enzyme 
using S-adenosyl methionine as a methyl donor (4). Approxi- 
mately 80% of cytosines located in the CpG dinucleotide se- 
quence are methylated in the genome of most vertebrate cells, but 
the distribution of methylated sites is cell- and tissue-specific (5). 
Patterns of methylation are generated during development by 
enzymatic de novo methylation and demethylation processes 
(1-7) and are maintained in somatic cells. 

A mmiber of observations have suggested that the pattern of 
DNA methylation is disrupted in cancer cells (8, 9). Both hy- 
pomethylation (9) and hypermethylation (10-12) of different 
CpG sites in cancer cells and tissues relative to the cognate normal 
tissue have been documented. Some of the sites that are hyper- 
methylated in tumors are located in tumor-suppressor loci such 
as pl6 (13), retinoblastoma (14), von Hippel-Lindau (15), and 
Wilms tumor (16), and, recently, a new candidate tumor- 
suppressor gene was cloned by molecular analysis of the hyper- 
methylated region in chromosome 17pl3.3 (17). One possible 
explanation that has been proposed to explain the changes in 
DNA methylation observed in cancer cells is that they are the end 
result of a change in the enzymatic machinery controlling DNA 
methylation in the cell (7, 12, 18-20). In accordance with this 
hypothesis, cancer cell lines (21) and human tumors (22) have 
been shown to express elevated levels of DNA MeTase. Recently, 
Belinsky et al. (23) showed that increased DNA MeTase activity 
is an early event in carcinogen-initiated lung cancer in the mouse. 
Forced expression of DNA MeTase cDNA in murine NIH 3T3 
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cells leads to genomic hypermethylation and neoplastic transfor- 
mation (24), and expression of an antisense mRNA to the DNA 
MeTase leads to loss of tumorigenicity of the adrenocortical 
carcinoma cell line Yl (25). 

Many stimuli may account for increased DNA MeTase activity 
in tumors. One possible molecular mechanism explanation of this 
elevation of DNA MeTase in cancer cells is that the expression 
of the DNA MeTase gene is regulated by oncogenic signaling 
pathways such as the Ras-Jun signaling pathway (18, 19). Mod- 
ulation of this pathway can alter DNA MeTase expression and 
DNA methylation (26-28). Similarly, ectopic expression of Ha- 
ras leads to induction of demethylation activity in P19 cells (29), 
which can explain (18) the observed hypomethylation of some 
CpG sites in cancer cells (8, 9). 

If hyperactivity of DNA MeTase is a critical, downstream 
component of oncogenic programs (25-28), it should be an 
excellent target for anticancer therapy (19). To test this hypothesis 
in an animal model, specific inhibitors of DNA MeTase are 
required. The only DNA MeTase inhibitor that has been available 
to date is the nucleoside analog 5-azadeoxycytidine (30). Al- 
though 5-azadeoxycytidine is an effective inhibitor of DNA 
methylation (30), it has many side effects that might compromise 
the interpretation of the experimental data and limit its clinical 
utility (19, 31, 32). The advent of antisense oligodeoxynucleotides 
as specific inhibitors of protein expression in whole animal 
systems offers new opportunities in approaching this hypothesis 
(33). 

Yl cells offer a model to test our hypothesis. First, this Hne 
[which was isolated from a naturally occurring adrenocortical 
tumor in an LAFl mouse (34)] bears a 30- to 60-fold ampli- 
fication of the cellular proto oncogene c-Ki-ras (35). Second, 
the molecular link between hyperactivation of Ras, DNA 
MeTase hyperactivity, and DNA methylation and the state of 
cellular transformation has been recently demonstrated (25, 
28). Third, identification of effective antisense oligode- 
oxynucleotide inhibitors requires screening of a number of 
potential candidates. This can only be done effectively ex vivo, 
Yl cells can be grown and tested for tumorigenic character- 
istics ex vivo as well as implanted in syngeneic LAFl mice (25) 
in vivo, thus enabling the study of the effects of inhibition of 
DNA methylation in a whole animal system. 

MATERIALS AND METHODS 
Cell Culture, ex Vivo Oligodeoxynucleotide Treatment, and 
Tumorigenicity Assays. Yl cells were maintained as monolay- 
ers in F-10 medium, which was supplemented with 7.25% 
heat-inactivated horse serum and 2.5% heat-inactivated fetal 
calf serum (Immunocorp, Montreal). The sequences of the 
oligodeoxynucleotides used in this study were as follows: 
antisense (HYB101584), 5'-TCT ATT TGA GTC TGC CAT 
TT-3' corresponding to bases -2 to +18 in the murine DNA 
MeTase mRNA [relative to the putative translation initiation 
site (9)]; the scrambled sequence corresponding to the anti- 
sense sequence (HYB102277), 5'-TGT GAT TCT CCT TAT 
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TCG AT-3'; and the reverse sequence (HYB101585), 5'-TTT 
ACC GTC TGA GTT TAT CT-3'. Phosphorothioate oligode- 
oxynucleotides were synthesized using phosphoramadite 
chemistry on a Biosearch model 8700 automated synthesizer 
and were purified by HPLC using a phenyl Sepharose column 
followed by DEAE 5PW anion exchange chromatography. The 
purity of all oligonucleotides was greater than 98% as deter- 
mined by ion exchange chromatography. These experiments 
were performed in the absence of any lipid carrier to avoid 
nonspecific effects of the carrier in long term treatments and 
to recapitulate the situation in vivo, in which no carrier was 
used. This experimental paradigm required using oligode- 
oxynucleotides at the micromolar concentration range, which 
is higher than the concentrations required when lipid carriers 
are used. 

DNA and RNA Analyses. Genomic DNA was prepared from 
pelleted nuclei, and total cellular RNA was prepared from 
cytosolic fractions according to standard protocols (36-38). 

Western Blot Analysis of DNA MeTase. Rabbit polyclonal 
antibodies were raised (Pocono Rabbit Farm, Canadensis, PA) 
against a peptide sequence consisting of amino acids 1107- 
1125 of the mouse DNA MeTase (1101-1119 of the human 
DNA MeTase). The specificity of the polyclonal serum was 



tested by competition with the antigen peptide. Nuclear ex- 
tracts (50 /xg) were resolved on a 5% SDS/PAGE, transferred 
onto poly(vinylidene dif luoride) membrane (Amersham), and 
subjected to immunodetection for the DNA MeTase according 
to standard protocols using a 1:2000 dilution of primary 
antibody and an enhanced chemiluminescence detection kit 
(Amersham) (40). 

Assay of DNA MeTase Activity. DNA MeTase activity (3 /xg) 
was assayed by incubating 3 jutg of nuclear extract with a 
synthetic, hemimethylated, double-stranded oligodeoxynucle- 
otide (37) substrate and S-[methyl-^H]-S-adGnosyUh- 
methionine (78.9 Ci/mmol; Amersham) as a methyl donor for 
3 h at 37°C as described (36). 

Assay of C21 mRNA by Reverse Transcriptase-PCR. The 
expression of the C21 gene was determined using our described 
primers and amplification conditions (41). 

RESULTS 

Antisense Oiigodeoxynucleotides to the Translation Initia- 
tion Region of the Murine DNA MeTase Inhibit DNA MeTase 
mRNA, DNA MeTase Activity, and Tumorigenesis ex Vivo, We 
have shown that expression of a 600-bp fragment bearing se- 
quences encoding the 5' domain of the DNA MeTase mRNA in 
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Fig. 1. DNA MeTase antisense oiigodeoxynucleotides inhibit DNA MeTase mRNA DNA MeTase activity, and anchorage independent growth 
ex vivo, (A) RNase protection analysis of DNA MeTase mRNA in Yl cells treated with control scrambled and antisense oiigodeoxynucleotides. 
Yl cells were cultured in the presence of different concentrations of scrambled and antisense oiigodeoxynucleotides (sequence shown in Materials 
and Methods) as indicated for 48 h. RNA (3 jitg) extracted from the cells was subjected to an RNase protection assay as described (26) using a 700-bp 
riboprobe [probe A in Rouleau et al. (26)] encoding the DNA MeTase genomic sequence from -0.39 to +318. The major bands representing the 
two major initiation sites are indicated (92-, 90-bp, protected fragments) as well as the first exon, which gives a 99-bp, protected fragment. {B) Time 
course of inhibition of DNA MeTase mRNA by antisense oiigodeoxynucleotides. Yl cells were incubated in the presence of 20 fiM of either 
antisense or scrambled oiigodeoxynucleotides, and the medium was replaced with oligodeoxynucleotide-containing medium every 24 h. Cells were 
harvested at the indicated time points, and RNA and nuclear extracts were prepared as described. RNA was subjected to RNase protection assay 
as described in^^. An autoradiogram similar to the one presented in A was scanned, and the amount of DNA MeTase mRNA at each point was 
normalized to the signal obtained for 18s ribosomal RNA. (C) Nuclear extracts prepared from oligodeoxynucleotide-treated Yl cells described 
in B were assayed for DNA MeTase activity as described. The results represent an average of triplicate determination ± SD. (D) Yl cells were 
treated with scrambled and antisense oiigodeoxynucleotides as described in B and seeded onto soft agar for determination of anchorage-independent 
growth as described. The results represent an average of triplicate determinations ± SD. 
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the antisense orientation can inhibit DNA methylation and 
induce both cellular differentiation of lOT!^ cells (43) and 
reversal of transformation of Yl cells (25). Antisense expression 
vectors could not be used easily to study the function and 
therapeutic potential of inhibiting DNA MeTase in vivo. We 
therefore tested the possibility that shorter antisense oligode- 
oxynucleotides directed against the same region of the mRNA 
could recapitulate these effects. An antisense oligodeoxynucle- 



otide [+18 to -2 (sequence as in Materials and Methods) when 
the translation initiation site is indicated, as in Bestor et al (44)] 
was found to be active in a preliminary screen, and we further 
determined its mechanism of action. 

One of the possible mechanisms of action of antisense 
oligodeoxynucleotides is targeting RNase H activity to the 
RNA-DNA duplex, resulting in degradation of the mRNA 
(45). We first determined the dose-response relationship of 
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Fig. 2. DNA MeTase antisense oligodeoxynucleotide inhibits tumor growth in vivo. (A) Average weight of tumors isolated from LAFl mice bearing 
Yl tumors that were injected with antisense, scrambled, or reverse oligodeoxynucleotide (5 mg/kg) every 48 h for 29 days. The results are presented as 
an average ± SEM. The statistical significance of the difference between the scrambled or reverse groups and the antisense group was determined by 
a Student's t test to be P < 0.001. There was no statistically significant difference between the two control groups (P > 0.5). (B) Average volume of tumors 
determined as described at the indicated time points postimplantation [determined as described in Plumb et al. (42)]. (C) Photograph of the tumors 
removed from the antisense, reverse, and scrambled oligodeoxynucleotide-treated mice described above. (O) LAFl mice bearing Yl tumors were injected 
with 5 mg/kg scrambled (n = 4) or antisense (n = 5) oligodeoxynucleotides three times every 24 h s.c. Tumors were removed from each mouse (indicated 
by serial numbers 1-4 for the scrambled group and 1-5 for the antisense group), and nuclear extracts prepared from the tumors were subjected to a Western 
blot analysis as described. The band corresponding to the DNA MeTase is indicated by an arrow. The amount of signal corresponding to the DNA MeTase 
(OD arbitrary units) was normalized to the level of total protein transferred onto the membrane as determined by Amido black staining and quantified 
by scanning (OD arbitrary units). The values obtained (OD of DNA MeTase signal divided by OD of the total protein staining) for the tumors extracted 
from each of the treated mice (serial number of mice in bold) were as follows: scrambled: 1, 2.2; 2, 3.1; 3, 2.7; and 4, 2.5: antisense: 1, 0.6; 2, 0.5; 3, 0.16; 
4, 1.0; and 5, 2.9. (£) Average DNA MeTase level per group is plotted with the SEM. The difference between the scrambled and antisense groups was 
determined by a Student's t test to be statistically significant (P < 0.05). 
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DNA MeTase mRNA abundance and DNA MeTase antisense 
oligodeoxynucleotide concentration at one time point, Yl cells 
(10^ cells) were treated with different concentrations (0, 10, 
and 20 fiM) of antisense oligodeoxynucleotides and scrambled 
controls for 48 h. Cellular RNA was subjected to an RNase 
protection assay as described in Materials and Methods. The 
results presented in Fig. lA demonstrate a sharp decrease in 
abundance of DNA MeTase mRNA after incubation of the 
cells with 20 yxM of the DNA MeTase antisense oligode- 
oxynucleotides, which was not observed after treatment with 
scrambled oligodeoxynucleotides. We then defined the time 
dependence of reduction in DNA MeTase activity at the 
inhibitory concentration of the antisense oligodeoxynucleotide 
(20 ptM). The results presented in Fig. 1 B (RNA) and C 
(MeTase activity) show that both DNA MeTase activity and 
mRNA are reduced by 10- to 100-fold after 6 days of treatment. 
Some fluctuations are observed in the levels of DNA MeTase 
in Yl cells treated with control oligodeoxynucleotides (2-fold) 
as well as antisense oligodeoxynucleotides (such as the rela- 
tively high levels of DNA MeTase at 4 days). These oscillations 
in DNA MeTase mRNA expression might reflect changes in 
the cell cycle kinetics of the cells at different time points 
because DNA MeTase levels are regulated with the cell cycle 
(35, 37). Alternatively, they might result from nonspecific 
effects of oHgodeoxynucleotides on different cellular param- 
eters or reflect some inaccuracies in our measurements. How- 
ever, an overall reduction in DNA MeTase activity was estab- 
lished after 6 to 9 days of treatment with the antisense 
oHgodeoxynucleotides, 

Can DNA MeTase antisense oligodeoxynucleotides induce a 
dose-dependent inhibition of tumorigenicity ex vivo as measured 
by anchorage-independent growth on soft agar? Yl cells were 
treated with a range of concentrations of antisense and scrambled 
oligodeoxynucleotides (0-20 juM) for 13 days. The cells were 
harvested and plated onto soft agar as described (39). The results 
presented in Fig, ID demonstrate a dose-dependent inhibition of 
colony formation on soft agar in antisense-treated cells vs, the 
scrambled control. The drop in the number of colonies formed on 
soft agar between 10 and 20 nM corresponds to the precipitous 
drop in DNA MeTase mRNA at this concentration of antisense 
oligodeoxynucleotide (Fig. lA). 

Inhibition of anchorage-independent growth of antisense- 
treated cells was observed even though the soft agar medium 
was not supplemented with antisense oligodeoxynucleotides, 
suggesting that the changes in the level of tumorigenicity of 
antisense-treated cells were irreversible. This is consistent with 
the hypothesis that, once DNA MeTase is inhibited, the cells 
are reprogrammed to a less transformed state (18, 25). The 
experiments described above demonstrated that antisense 
oligodeoxynucleotides could inhibit DNA MeTase activity ex 
vivo and that this inhibition corresponded to a dose-dependent 
inhibition of tumorigenicity. 

Inhibition of Tumor Growth and DNA MeTase in Vivo by a 
DNA MeTase Antisense Oligodeoxynucleotide. To test the 
hypothesis that inhibition of DNA MeTase in vivo can result in 
inhibition of tumor growth and to determine the general toxic 
effects of DNA MeTase antisense treatment, Yl cells (1 X 10^) 
were implanted in the flank of the syngeneic mouse strain 
LAFl and were treated by i.p. injections every 48 h with PBS, 
antisense oligodeoxynucleotide, or two control oligode- 
oxynucleotides: a scrambled version of the antisense oligode- 



oxynucleotide and a reverse sequence (see Materials and 
Methods for sequence). Preliminary experiments with a small 
number of animals per group (n = 3) established a dose- 
dependent relationship between oligodeoxynucleotide con- 
centrations and tumor growth. No effects were observed at 0.5 
mg/kg whereas inhibition of tumor appearance and growth was 
observed in the 1- to 5-mg/kg range. At 20 mg/kg, nonspecific 
effects were observed with the scrambled oligodeoxynucleo- 
tides in two out of three experiments whereas a statistically 
significant reduction in tumor growth with antisense oligode- 
oxynucleotides vs. controls was observed in one experiment 
(data not shown). Forty LAFl mice were implanted with Yl 
cells, randomized, and divided into color-coded groups of 10 
mice each and were treated and evaluated as follows in a 
double-blind fashion. Three days postimplantation, the mice 
were injected i.p. with 100 ftl of PBS or PBS containing 5 mg/kg 
of either antisense, scrambled, or reverse oligodeoxynucleo- 
tides. Injections were repeated every 48 h, and tumor diameter 
measurements were taken at each time point. Thirty days 
postinjection, the animals were killed, and tumors were excised 
and weighed. The results described in Fig. 2 show that tumor 
growth was inhibited by injection of DNA MeTase antisense 
oligodeoxynucleotides relative to control oligodeoxynucleo- 
tides as determined by the rate of increase in the average tumor 
volume (Fig. 25) as well as by the final weight and size of the 
tumors (Fig. 2 A and C). The difference in the average tumor 
volume between the antisense-treated group and either of the 
different control groups (PBS, scrambled, and reverse) at 29 
days was highly statistically significant, as determined by a 
Student's t test (P < 0,005) whereas the difference between the 
different control oligodeoxynucleotide-treated groups and the 
PBS-treated group was not statistically significant. Similarly, 
the difference in average final tumor weight at 30 days between 
the antisense- and control oligodeoxynucleotide-treated 
groups was highly statistically significant (P < 0.001). One of 
the antisense-treated animals did not develop tumors whereas 
all of the members of the control groups developed tumors 
(one mouse of the reverse group died with a heavy tumor load 
before termination of the experiment). 

We determined the general toxic effects of in vivo DNA 
MeTase antisense oligodeoxynucleotide treatment vs. treat- 
ment with the control oligodeoxynucleotides. Blood parame- 
ters and weight loss of antisense-, reverse-, and scrambled- 
injected (20 mg/kg). tumor-bearing LAFl mice {n - 5) were 
assayed. As shown in Table 1, there were no significant 
reductions in red blood cell count, hematocrit, or percentage 
of hemoglobin in DNA MeTase antisense-treated animals vs. 
controls. Similarly, platelet and white blood ceil counts were 
not increased but rather were decreased slightly in antisense- 
treated animals (Table 1). There was no significant weight 
loss even though tumor load was decreased significantly in 
this experiment by DNA MeTase antisense oligodeoxynucle- 
otides. 

These experiments demonstrated that in vivo treatment of 
tumor-bearing LAFl mice with DNA MeTase antisense oligode- 
oxynucleotides can inhibit tumor growth, supporting the hypoth- 
esis that DNA MeTase is a critical component in maintaining the 
transformed state and that in vivo treatment with an antisense- 
based inhibitor of DNA MeTase can inhibit tumor growth. 

DNA MeTase Antisense Oligodeoxynucleotide Inhibits 
DNA MeTase Levels, Induces Limited Demethylation of the 



Table 1. Hematological analysis of LAFl mice treated with antisense or control oligodeoxynucleotides (20 mg/kg) for 30 
days (n =5). 

Treatment Hematocrit % hemoglobin WBC RBC Platelets 

Reverse 17,2 ± 9.2 6.4 ± 3.3 59.6 ± 2.19 3.4 ±2.19 514 ± 291 

Scrambled 16.1 ± 2.5 6.16 ± 0.9 71.8 ± 21.9 2.99 ± .45 503.2 ± 104 

Antisense 21,9 ± 9,5 7.44 ± 3.8 50.7 ± 33 4.4 ± 1.8 302 ± 95 



WBC, RBC, and hematocrit in g/dcl. Numbers represent mean and SD. 
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Fig. 3. Expression and demethylation of the C21 gene in Yl 
tumors isolated from LAFl mice treated with antisense oligode- 
oxynucleotides. (A) C21 expression was determined by reverse tran- 
scriptase-PCR amphfication with C21-specific primers of total RNA 
isolated from Yl cells, YIGAP transfectants expressing hGAP (a 
GTPase- activating protein), an attenuator of Ras activity (28), Yl 
cells treated with 20 /iM of either scrambled oligodeoxynucleotide or 
DNA MeTase antisense oligodeoxynucleotides {ex vivo as indicated), 
Yl tumors from LAFl mice injected with either 5 mg/kg of scrambled 
or DNA MeTase antisense oligodeoxynucleotides (in vivo) as well as 
adrenal RNA. C21 plasmid DNA encoding the C21 gene (46) was 
included in the amplification reaction to control for nonspecific 
inhibition of amplification. The expected genomic and C21 mRNA 
amplification products are indicated by arrows, (5) DNA was ex- 
tracted from Yl tumors isolated from LAFl mice injected with either 
scrambled oligodeoxynucleotides (scrambled 4, indicated as s) or 
antisense oligodeoxynucleotides (antisense 3, indicated as a) for 3 days 
as described. The DNA was subjected to HindlU digestion followed by 
either //jEJall (H) (which cleaves the sequence CCGGwhen the internal 
C is not3 methylated) orMspl (Af) (which cleaves the sequence CCGG 
even when the internal C is methylated) agarose gel fractionation 
(2.5%), Southern blotting analysis, and hybridization with the indi- 
cated probes. For the promoter region of the C21 gene, complete 
digestion of the gene should result in a 0.36-kb fragment (46), as 
indicated by the dark arrow. The partially methylated fragments are 
indicated by shaded arrows. The partial cleavage with Mspl is a 
consequence of the fact that the Mspl sites are nested within a Haelll 
site. These sites are highly resistant to cleavage by Mspl when fully or 
partially methylated, as described (47). For Thy-l, DNA prepared 
from the tumors indicated was subjected to a similar Hpall-Mspl 
restriction enzyme analysis and hybridization with a 0.36 probe from 
the 5' region of the thy-l gene (48). The expected Hpall fragment is 
indicated by a dark arrow. Partially methylated fragments are indicated 
by shaded arrows. (Lower) Physical maps of the sequences analyzed for 
their methylation state. The first exons of the three genes are shown 



Adrenocortical-Specific C21 Gene, and Reactivates It. To 

determine whether injection of DNA MeTase antisense oli- 
godeoxynucleotide can inhibit DNA MeTase activity, we 
treated tumor-bearing LAFl mice for 3 days with either DNA 
MeTase antisense oligodeoxynucleotide (n = 5; 5 mg/kg) or 
the scrambled oligodeoxynucleotide (n = 4; 5 mg/kg) by s.c. 
injection near the tumor (1 cm) for 3 days. To limit (as much 
as possible) complicating, indirect factors that might have 
clouded the interpretation of data, we did not look at DNA 
methylation in tumors that were chronically treated. Tumors 
were harvested, nuclear extracts were prepared, and DNA 
MeTase levels in the nuclear extracts were determined by a 
Western blot analysis as described. The results of such an 
analysis are demonstrated in Fig. ID, and the normalized 
average levels of DNA MeTase in each of the treatment 
groups plotted in Fig. 2E demonstrate a statistically signif- 
icant reduction in DNA MeTase levels in antisense-treated 
animals (P < 0.05). The level of inhibition varied, however, 
from 90% inhibition in mouse number 3 in the group treated 
with antisense (Fig. 2D, lane 3) to no detectable inhibition 
in mouse number 5 (Fig. 2D, lane 5). 

C21 is specifically expressed in the adrenal cortex, and the 
enzyme encoded by this gene, steroid 21 hydroxylase, is 
required for the synthesis of glucocorticoids, which is the main 
normal function of this tissue. The gene is expressed at very 
high levels in the adrenal cortex but is totally repressed and 
heavily methylated in Yl tumor cells (41). No C21 mRNA is 
detected in Yl cells even when the most sensitive assays, such 
as reverse transcriptase -PCR, are used (41). We have not 
observed any expression of C21 in Yl cells in multiple Yl 
cultures in the last decade under any conditions. We have 
suggested that this is a consequence of the increase in de novo 
DNA methylation activity in these cancer cells (41). Reexpres- 
sion of C21 could serve as a good marker of demethylation and 
the reprogramming of Yl cells to a nontransformed state. 

To address this question, we performed a reverse tran- 
scriptase-PCR analysis of C21 expression on RNA prepared 
from the following samples: Yl cells treated with either 
antisense DNA MeTase or scrambled oligodeoxynucleotides 
(20 pM) ex vivo; a tumor isolated from a mouse treated with 
antisense oligodeoxynucleotides in vivo for 3 days (antisense 3 
exhibited the highest reduction in DNA MeTase activity: 90%); 
and Yl cells transfected with hOAF [which attenuates the Ras 
signaling pathway, resulting in inhibition of DNA MeTase activity 
and partial demethylation of the C21 gene (28)]. C21 expression 
was induced under all of these conditions (Fig. 3/4). This is the 
first induction of C21 reexpression in Yl cells under any condi- 
tions observed in our laboratory. These results strongly support 
the hypothesis that DNA MeTase antisense oligodeoxynucleo- 
tides induce a partial demethylation and reprogramming of gene 
expression in Yl cells that is similar to that observed after 
attenuation of the Ras signaling pathway. 

To determine whether the 5' promoter region of the C21 
gene was demethylated in tumor DNA after antisense treat- 
ment, tumor DNA was subjected to Mspll Hpall restriction 
enzyme analysis, Southern blotting, and hybridization with a 5' 
C21 probe [0.36-kb Xbal-BaniWl fragment encoding the pro- 
moter region of the C21 gene (41)]. Hypomethylation of the 
two Hpall sites in the promoter region will result in a 0,36-kb 
fragment. As shown in Fig. W, the Yl tumor that was extracted 
from a mouse (antisense 3) that was injected with antisense 



and are indicated as filled boxes, the probes used are indicated as thick 
lines, and the thin line indicates the expected nonmethylated and 
partially methylated Hpall fragments. (X, Xbal\ B, BamWl). (C) 
Relative abundance of the Hpall fragments was determined by 
densitometry as described. The size in kilobases of the scanned 
fragments is indicated. The results are presented as intensity of a 
specific fragment as a percentage of the total intensity in all scanned 
fragments per lane. 
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oligodeoxynucleotides //I vivo exhibits an increase in the abun- 
dance (as determined by densitometric analysis; Fig. 3C) of the 
0.36-kb HpaW fragment relative to the partially methylated 
fragments at 1.9, 2.5, and 4 kb compared with the control 
tumor. Demethylation of C21 is observed in other tumors 
injected with antisense (data not shown). 

CpG island-containing genes are de novo methylated in 
tumor cells (13, 49-51). We therefore determined the state of 
methylation of a generally expressed CpG island-containing 
gene, thy-J, in mice treated with either antisense or control 
oligodeoxynucleotides. There was an increase in the relative 
abundance of the 600-bp HpaW fragment contained in the 5' 
thy-\ CpG island (48) (Fig. 35) and a decrease in the relative 
abundance of the partial HpaW fragments («3-5.5 kb) in 
tumors extracted from antisense-treated mice (labeled "a" in 
Fig, 35) relative to the pattern observed in the control tumor 
(labeled "s'' in Fig. 35) (see Fig. 3C for quantification). These 
experiments demonstrated limited hypomethylation in tumor 
DNA in response to DNA MeTase antisense treatment in vivo. 

DISCUSSION 

The goal of this study was to test the hypothesis that tumor- 
igenesis could be reversed by pharmacological inhibition of 
DNA MeTase activity and to suggest that DNA MeTase 
inhibitors could serve as potential anticancer agents. This 
study demonstrated that an antisense oligodeoxynucleotide 
directed against DNA MeTase mRNA can inhibit, in a dose- 
dependent manner, DNA MeTase mRNA expression, DNA 
MeTase activity, and tumorigenesis ex vivo and in vivo. Similar 
effects were not observed when a scrambled sequence was 
used. This is consistent with the hypothesis that the observed 
effects are a result of reduction in the level of DNA MeTase. 
The sequences used in our experiments did not bear the CG 
sites or G quartets that have been shown to bear nonantisense- 
related immunogenic and antitelomerase effects (52, 53). 
Although it is clear that phosphorothioate oligodeoxynucle- 
otides might exhibit nonspecific antitumorigenic effects, our 
experiments revealed that the nonspecific and sequence- 
specific effects could be differentiated. One interesting ques- 
tion that was not addressed by this experiment is whether there 
is a critical size or level of tumor organization that is not 
treatable by DNA MeTase antisense inhibitors. Future studies 
will directly address this question. 

Why are elevated levels of DNA MeTase critical for main- 
taining the cancer state? Three models have been suggested, 
(/) Elevated levels of DNA MeTase might result in disruption 
of the appropriate gene expression profile of a cell, leading to 
inactivation of tumor suppressor genes (17) and other genes 
that are characteristic of the differentiated state of the cell, 
such as C21 in Yl cells (41). (//) High levels of DNA MeTase 
might have a direct effect on origins of replication (18, 19). {Hi) 
Methylated cytosines are hot spots for mutation, and deami- 
nation of methylated cytosines will result in C-T transition 
mutations (54). 

Although more data are required to determine which of 
these mechanisms is involved in the genesis and maintenance 
of cancer, two issues are critical for the pharmacological and 
therapeutic application of DNA MeTase inhibitors. First, are 
the changes caused by aberrant methylation in carcinogenesis 
irreversible, as has been suggested (55), or are they reversible 
by pharmacological intervention? Min mice bearing a muta- 
tion in the homolog of the human repair-associated tumor 
suppressor gene APC were protected from formation of ad- 
enopolyps in the intestines when treated prophylactically with 
5-azadeoxycytidine early after birth (55), The development of 
polyps could not be reversed when 5-azadeoxycytidine was 
applied later, suggesting an irreversible mechanism. 

Second, is the aberrant methylation observed in cancer a 
consequence of the enhanced levels of DNA MeTase and there- 



fore reversible by reducing the level of DNA MeTase (18, 19)? 
Although additional experiments will be required to demonstrate 
that similar results to those reported here can be obtained with 
cancers formed in the animal rather than in implanted tumors, 
our results lend support to the hypothesis that the effects of DNA 
MeTase induction are reversible and therefore suggest that DNA 
MeTase be a target for anticancer intervention. 
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